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THE INFLUENCE OF AMINO ACIDS ON GLYCOGEN 
FORMATION STUDIED WITH DEUTERIUM* 


By L. C. TERRIERE}{ anp JOSEPH S. BUTTS 


(From the Biochemical Laboratory of the Department of Chemistry, Oregon State 
College, Corvallis, Oregon) 


(Received for publication, November 15, 1950) 


The technique of enriching the body water of a rat with D.O and fol- 
lowing the rate of incorporation of this isotope into glycogen has been 
used by Stetten and Boxer (1). From such studies these workers have 
concluded that glucose is converted to glycogen by two distinct pathways, 
the one involving triose fragments predominating when previously fasted 
rats were studied. This resulted in a deuterium uptake equal to 38 per 
cent of the deuterium content of the body water (2). The second path- 
way, with glucose going directly to glycogen, predominated when well 
fed rats were used. This resulted in a deuterium uptake of 29 per cent. 

If these deuterium uptake levels are constant, it should be possible to 
use the technique to study the effect of amino acids on glycogen formation 
when fed with glucose. Thus, the effect of amino acids would be super- 
imposed upon that of glucose and the deuterium uptake by the newly 
formed glycogen would change accordingly. 

Similar studies of this nature have been reported. For example, Stéhr 
(3) fed acetate with glucose and observed an increase in glycogen forma- 
tion over that which occurred when glucose alone was fed. A study 
from Deuel’s (4) laboratory reports the use of this technique in experi- 
ments in which butyrate feeding was superimposed upon glucose feeding 
in studying possible carbohydrate formation. 

Until isotopes became available, the interpretation of the results from 
this type of study was extremely difficult because of the individual varia- 
tions in the rate of glycogen formation. However, it is now possible to 
improve this technique. Thus Buchanan et al. (5) fed carboxyl-labeled 
acetate, propionate, and butyrate along with glucose, and were able to 


* A preliminary report of this work was presented at the Northwest regional 
meeting of the American Chemical Society at Richland, Washington, June 9, 1950. 

One author (L. C. T.) is indebted to the Shell Fellowship Committee for a fel- 
lowship grant which supported this work. 

Published with the approval of the Monographs Publication Committee, Oregon 
State College; Research paper No. 170, School of Science, Department of Chemis- 
try, Oregon State College, Corvallis, Oregon. 

+ The data in this paper are taken from a thesis presented by Leon C. Terriere to 
the Faculty of the Graduate School of Oregon State College in partial fulfilment 
of the Degree of Doctor of Philosophy. 
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show that some C" from the latter two fatty acids was found in the gly- 
cogen. 

In the present study we have investigated the deuterium uptake in the 
glycogen formed by rats fasted for :8 hours and then fed glucose or glu- 
cose-amino acid mixtures. Glycine, pi-alanine, pL-isoleucine, and DL- 
leucine were the amino acids used. 


EXPERIMENTAL 


Adult male rats of the Wistar strain were used for these experiments. 
The animals were fasted 48 hours but were allowed water ad libitum. At 
the end of this period 99.8 per cent D.O was injected intraperitoneally in 
an amount which was calculated to give a body water level of approxi- 
mately 1.3 per cent. 1 hour later the sugar or the sugar-amino acid 
mixture was given by stomach tube and the dosages repeated at 2 to 4 
hour intervals. Leucine and isoleucine, because of their insolubility as 
the free acid, were fed as a 10 per cent suspension stabilized by 1.75 per 
cent gum tragacanth (6). 

At the end of the experimental period the animals were anesthetized 
with sodium amytal and the livers removed. The livers were blotted to 
remove excess blood, quickly weighed, and ground with quartz sand in a 
mortar with 1 volume of 10 per cent trichloroacetic acid (7). 2 volumes 
of 5 per cent trichloroacetic acid were added, the grinding was repeated, 
and the mass filtered. A second extraction was made with 1 volume of 
5 per cent trichloroacetic acid. This was added to the original filtrate 
and alcohol was added to a concentration of 50 per cent. The glycogen 
was then redissolved, reprecipitated, and dried over phosphorus pentoxide. 
The product was white and granular and gave a very low ash. 

A representative sample of tissue was removed and a portion of the 
body water was obtained by vacuum distillation for determination of the 
D.O concentration. The glycogen was burned in a combustion train and 
the water collected. The deuterium concentration of the glycogen and 
body water was estimated by the falling drop method as described by 
Keston et al. (8). A comparison of these two figures gave the per cent 
uptake of deuterium, which we have called the exchange ratio. In every 
experiment there was sufficient glycogen for analysis and it was not neces- 
sary to pool the samples. 

In the experiments in which glucose alone was fed, the amount given 
varied from 62 to 250 mg. per 100 gm. of body weight per hour. In the 
feeding experiments in which glucose plus the amino acid was fed, the 
amount of amino acids given varied from 20 to 80 mg. per 100 gm. of 
body weight per hour, while the glucose varied from 40 to 80 mg. per 100 
gm. per hour. The absorption period varied from 3 to 24 hours. 
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Results 


Table I gives the analytical values obtained after feeding the glucose 
or the glucose-amino acid mixture as well as one series of experiments in 
which alanine alone was fed. These data were subjected to rigid statisti- 
cal analysis from which it was established that the time between feeding 
the substrate and sacrificing the animal was not critical. In the experi- 
ments with glucose the time ranged from 3 to 24 hours. The same con- 
clusion was reached with the other groups, although in most cases the 
time spread was not as great. 


TaBLeE I 
Adult rats, previously fasted 48 hours, were given 1 ml. of D.O per 100 gm. of 
body weight intraperitoneally. 1 hour later the sugar, amino acid, or sugar-amino 
acid mixture was given by stomach tube. The feedings were continued throughout 
the experiment. Animals were sacrificed after varying lengths of time. The livers 
were removed and the glycogen was isolated. Individual D.0 analyses were made 
with each animal. 























Grou expet Material fed penne oly pod — Exchange ratio 
hrs. per cent 

I 18 Glucose* 3-24 0.7-7.0 30.7 

Il 4 pL-Alanine 6-24 0.4-1.9 53.6 
III 4 Le and glucose 4-24 0.7-2.0 52.3 
IV (i Glycine and glucose 5-12 0.5-1.9 40.1 
V 7 pDL-Isoleucine and glucose 5-11 0.3-3.1 41.2 
VI 4 puL-Leucine and glucose 6- 9 0.6-1.6 33.3 





* Under similar conditions, galactose gave an exchange ratio of 30.6 for nine 
experiments, and fructose gave values of 41.9 for four experiments of 6 hours or less 
duration, while the 24 hour experiments were significantly lower at 34.9 for an aver- 
age of six experiments. 


When the exchange ratios of Groups II, III, IV, and V were compared 
to that after feeding glucose, the difference was statistically significant. 
This was not true when Group VI was compared with Group I. 


DISCUSSION 


The studies which have been made in this investigation support the 
concept of the metabolic pool. This theory implies that after initial 
modifications in the first stages of metabolism the foodstuffs become in- 
corporated into a system of common carbon fragments no longer dis- 
tinguishable as to origin. Reversible and irreversible processes, forming 
cycles, govern the operation of this metabolic system. When one type 
of fragment is present in excess or an end-product is lacking, the cycles 
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are set in motion so as to produce the end-product or to metabolize the 
fragment. This end-product could be glycogen or fat, or possibly protein. 

Since water is undoubtedly a constituent of this pool, heavy water can 
be used to label the fragments. When cycles composing this pool oper- 
ate, deuterium is picked up by exchange with labile hydrogen atoms 
entering positions which may later become stabilized. In this way, deu- 
terium finds its way into the end-product and gives an indication of how 
the cycles operate. This is only a qualitative method, however, and can 
do no more than indicate the general reaction. Specific intermediate 
reactions show up only in the over-all results. Thus, when glucose is 
absorbed into a medium containing D,O, the fact that deuterium is found 
in the glycogen subsequently synthesized indicates that fragments have 
been thrown into the metabolic pool in sufficient amounts to meet body 
needs and to allow the building up of an end-product. 

When either alanine, glycine, or isoleucine was fed, the exchange ratio 
was increased, indicating that a greater uptake of deuterium was occur- 
ring and that the equilibrium was being shifted to utilize different frag- 
ments. This view is strengthened when the results after feeding leucine 
are considered. This amino acid apparently does not cause glycogen 
synthesis (9), and, therefore, should not cause an increase in the exchange 
ratio. The exchange ratio of 33 was found when leucine was fed with 
glucose and this is very nearly the value given when glucose alone 
was fed. 

Among the amino acids, alanine is usually considered the best glycogen 
former. When this amino acid was fed alone, an exchange ratio approach- 
ing the theoretical (1) was obtained. This indicates that it is readily 
converted to glucose. Of significance is the fact that an almost identical 
figure was given when the glucose-alanine mixture was fed. 

Glycine has often been reported as a sugar-forming amino acid but 
there is some disagreement on this point. It has been reported that 
glycogen formation is somewhat delayed (10), which would suggest that 
the transformation occurs slowly. In the present study this delayed 
action is not apparent as the exchange ratio of 40 was reached in 5 hours, 
the shortest period studied. 

Isoleucine has usually been considered non-glycogenic, although Butts, 
Blunden, and Dunn (9) have reported significant amounts of liver glyco- 
gen after feeding this amino acid to fasting rats. In the present study 
the exchange ratio after feeding the glucose-isoleucine mixture was 41, 
which would indicate that it does affect glycogen formation. In these 
experiments the level was reached in the shortest period, 5 hours. 
| With this technique, one is able to determine the glycogenic effects of 
compounds that, when fed alone, cause only slight glycogen formation. 
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The glycogen formation may be so slow that body needs for sugar are 
great enough to prevent storage. This need’ may be met when glucose 
is also present, so that the amino acid may show a more pronounced effect 
on glycogen deposition. The increased exchange ratio indicates a pre- 
dominance of small fragments in the glycogenic cycles following amino 
acid ingestion. 


SUMMARY 


1. Feeding glucose to rats with a body water level of 1.3 per cent deu- 
terium oxide gave an exchange ratio of 30.7 with experiments extending 
3 to 24 hours. 

2. When pt-alanine, glycine, or pDL-isoleucine was fed along with the 
glucose, a significantly increased exchange ratio occurred. 

3. pL-Leucine under similar conditions failed to affect the exchange 
ratio. 

1. The implications of these results are discussed. 
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NACHLAS,t LEON H. MANHEIMER, ann HERBERT A. RAVINt 


(From the Kirstein and Yamins Laboratories for Surgical Research, Beth Israel 
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(Received for publication, November 16, 1950) 


There are a number of methods currently available for the quantitative 
estimation of acid and alkaline phosphatase activity in biologic materials 
(1-5). In all the techniques, a phosphoric acid ester serves as a substrate 
and colorimetric determinations are made either of the inorganic phosphate 
or of the organic moiety of the substrate released by enzymatic hydrolysis. 

A description of a new method for the quantitative estimation of acid 
and alkaline phosphatase activity of human serum forms the basis of this 
report. The substrate consists of sodium 6-naphthyl phosphate (6). The 
calcium salt of this ester was used in a method for the histochemical locali- 
zation of alkaline phosphatase (7,8). The a isomer was used for the histo- 
chemical localization of acid phosphatase (9), and, based on this work, the 
a isomer was used in methods for demonstrating semen on clothing in cases 
of suspected rape (10), and for estimating urinary acid phosphatase ac- 
tivity (11). 

The new method is in general similar to the method described for esti- 
mating esterase and lipase activity in serum and in urine with B-naphthyl 
laurate as the substrate (12-14). The 6 isomer, rather than the a isomer, 
is used for acid phosphatase in the present method, because the azo dye 
formed from 6-naphthol is, in the presence of protein, much more readily 
extracted into ethyl acetate for measurement of color density than is the 
case with the azo dye formed from a-naphthol. The method is applicable 
to any source of the enzyme such as serum, plasma, whole blood, tissue 
homogenates, tissue sections, semen, gastric juice, and urine. 

In essence, the method consists of incubation of the enzyme source with 
a solution of sodium $-naphthyl phosphate buffered to an appropriate pH 
(4.8 for acid phosphatase and 9.1 for alkaline phosphatase) at 37.5° for a 
standard period of time (2 hours and 1 hour respectively). 2 molecules of 


* This investigation was supported by a research grant from the National Cancer 
Institute, the National Institutes of Health, United States Public Health Service, 
in part by a grant from the Massachusetts Division of the American Cancer Soci- 
ety, and in part by an institutional grant to Harvard University from the Ameri- 
can Cancer Society. 

+ Research Fellow of the National Cancer Institute. 
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B-naphthol released in the course of the reaction are coupled with tetra- 
zotized diorthoanisidine to yield an insoluble, purple azo dye, which is then 
extracted with ethyl acetate for measurement of the color density in a 
photoelectric colorimeter (Klett). 


Method 


Reagents'\— 

1. Substrate. A stock solution of sodium 8-naphthyl phosphate (6) is 
made in distilled water in a concentration of 0.2 mg. per cc. (0.0008 M). 
This solution may be stored at 4° for a month with no significant sponta- 
neous hydrolysis. 

2. Veronal buffer (pH 9.1, 0.1 m) is prepared by mixing 950 ce. of 0.1 
M sodium diethyl barbiturate with 50 cc. of 0.1 m hydrochloric acid. 

3. Acetate buffer (pH 4.8, 0.2 M) is prepared by mixing 120 cc. of 0.2 
M sodium acetate with 80 cc. of 0.2 m acetic acid. 

4, Tetrazotized diorthoanisidine.2 The powder (4 mg. per cc.) is dis- 
solved in cool water immediately before use. In solution, the diazonium 
compound decomposed extensively on standing at room temperature for 
20 to 30 minutes. 

5. Sodium carbonate (1.0 m). 

6. Trichloroacetic acid (40 per cent). 

7. Anhydrous ethyl acetate. 

Just prior to use, the desired amount of stock solution (1) of the sub- 
strate is mixed with an equal volume of either stock buffer solution (2) 
or buffer solution (3). The appropriately buffered substrate solution is 
then added to the enzyme preparation as described below. 


Procedure 


Serum was obtained by centrifugation of freshly clotted blood. The 
serum (1 cc.) was removed with a pipette and diluted with 19 cc. of distilled 
water. 1 cc. of this diluted serum was placed in a 20 cc. test-tube and 5 
cc. of the appropriately buffered substrate solution were added. In a 
separate test-tube, buffered substrate solution alone served as a control 
for non-enzymatic hydrolysis. The tubes were then incubated at 37.5° 
for 1 hour in the determination of alkaline phosphatase, and for 2 hours 
in the determination of acid phosphatase. In the latter determination 4 
drops of 1 m sodium carbonate solution were added after the period of in- 


1 All the reagents used in this test may be obtained from the Dajac Laborato- 
ries, Monomer-Polymer, Inc., 3430 West Henderson Street, Chicago 18, Illinois. 

? Available in powder form containing 20 per cent tetrazotized diorthoanisidine, 
5 per cent zinc chloride, and 20 per cent aluminum sulfate. Trade name, DuPont 
naphthanil diazo blue B. 
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cubation, in order to raise the pH to the optimal level for coupling. 1 cc. 
of the solution of tetrazotized diorthoanisidine was added to each tube, 
and the tubes were agitated vigorously or inverted several times to insure 
thorough mixing. 3 minutes were allowed to elapse for completion of 
coupling. To each tube 1 ce. of 40 per cent trichloroacetic acid was added 
to precipitate protein and favor release of dye from its protein complex. 
10 ec. of ethyl acetate were added from a burette and the tubes were 
shaken vigorously until an even emulsion was produced. The tubes were 
then centrifuged for 10 minutes at 2500 r.p.m., and 5 cc. of the organic 
layer were transferred with a pipette to a Klett tube. The color did not 
fade on standing, but evaporation of ethyl acetate in over 1 hour resulted 
in increased color density. This was avoided by stoppering the tubes 
when such delay was unavoidable. The color density was measured in a 
photoelectric colorimeter through a green filter (540 my). The readings 
were converted to mg. of naphthol with a calibration curve prepared 
from 6-naphthol in the presence of serum according to the procedure 
described above. The visible absorption spectrum of this dye and the 
linear calibration curve obtained with 6-naphthol have been published ear- 
lier (14). A calibration curve falling within the range of the colorimeter 
may be obtained with 0.01 to 0.08 mg. of 8-naphthol. 

Definition of Unit—1 unit of phosphatase activity is defined as that 
amount of enzyme which liberates the color equivalent of 10 mg. of 6- 
naphthol per hour at 37.5°. 

Calculation—The number of units of alkaline phosphatase per 100 ce. 
of serum was obtained by multiplying by 200 the number of mg. of 6-naph- 
thol released in 1 hour when 0.05 ec. of serum was used. The number of 
units of acid phosphatase per 100 cc. of serum was obtained by multiplying 
by 100 the number of mg. of 6-naphthol released in 2 hours when 0.05 ce. 
of serum was used. 


Results 


The sera of 89 normal adults contained an average of 1.8 units of alka- 
line phosphatase per 100 cc., with a range of 1.9 to 3.0 units per 100 cc. 
and a peak distribution between 1.6 and 2.0 units per cc. The sera of 62 
of the same normal subjects contained an average of 1.0 unit of acid phos- 
phatase per 100 cc. with a range of 0.7 to 1.6 units per 100 cc. (Fig. 1). 

Several sera containing abnormally high amounts of alkaline phospha- 
tase, as measured by the Bodansky method (1), were analyzed simultane- 
ously by the method described here (Table I). In no case did serum ex- 
hibiting abnormal phosphatase activity by the Bodansky method fall into 
the range of normal by this method. There was a rough correlation be- 
tween the results obtained by both methods. The ratio of activity in 
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Bodansky units to activity in units of 6-naphthol varied from 1.3 to 2.4 
over a range of concentration of phosphatase from 6.4 to 43.1 units per 
100 cc. (Bodansky method). 
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UNITS PER 100 CC OF SERUM 


Fig. 1. Distribution of acid and alkaline phosphatase concentrations obtained in 
normal human sera with the substrate sodium 6-naphthyl phosphate. 








TaBLeE I 
Comparison of Abnormal Sera by Present Method and by Bodansky Method 

Bodansky Seligman eé al. Ratio 

Serum No, A 

(A) (B) B 

units units 

1 6.4 4.9 ico 
2 ffenh 4.0 1.8 
3 7.4 3.6 2.1 
4 9.9 6.8 1.5 
5 13.9 13.4 1.0 
6 15.5 6.6 2.4 
7 16.9 14 1.5 
8 22.1 1 | 2.0 
9 43.1 25.2 1.8 














Sera with abnormally high phosphatase activity were tested at several 
dilutions, the amount of serum in each test ranging from 0.01 to 0.05 cc. 
The enzyme activity per unit volume of serum was unaltered by the greater 
dilution of the serum. Experiments were carried out to determine the 
course of enzymatic hydrolysis. The rate was constant for both enzymes 
during the first 2 hours. Therefore, different periods of incubation, up 
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24 | to 2 hours, may be used without introducing correction factors other than 
per ' simple proportionality. With very short periods of incubation (less than 
' 30 minutes) the 3 minutes allowed for coupling were included in the timing 
in the case of alkaline phosphatase. Conversely, in sera with very low 
alkaline phosphatase activity, the time of incubation was limited to 2 
hours, because of significant hydrolysis of the substrate at pH 9.1 and 
37.5°. In such cases it was found better to use more serum (0.1 cc.). 
Since the azo dye is bound to proteins present at the time of its forma- 
tion, the effect of differences in protein concentration on the extraction of 
dye with ethyl acetate, after addition of trichloroacetic acid, was deter- 
mined with varying amounts of serum. The amount of serum was varied 
from 0.01 to 1.0 ec., and the amount of 6-naphthol from 0.01 to 0.06 mg. 
The final volume of the solutions in all cases was brought to 7 cc. before 
extraction into ethyl acetate. Less dye was extracted when more protein 
was present. At both extremes of the series of dilutions, which differed 
in the concentration of serum proteins by a factor of 100, the difference 
in the amount of dye extracted was only 8 per cent. With very low con- 
centrations of 6-naphthol the amount of dye extracted was independent 
of protein concentration. Over the range of protein concentration en- 
ete countered in most determinations this source of error was not significant. 
Coupling of tetrazotized diorthoanisidine with B-naphthol proceeded 
rapidly and quantitatively at a range of pH 7.4 to 9.1. At pH 9.2 or 
higher, or if the period of coupling was unduly prolonged, the tetrazonium 
Se salt decomposed and the aqueous phase became orange-brown in color. 
This colored material had a markedly different absorption band from that 
of the azo dye, and was, in addition, not significantly extractable with ethyl 
— acetate. The control tube acted as a suitable check against any slight 
error from this cause. 

Completely hemolyzed blood showed an increase in alkaline phosphatase 
activity of 0.3 to 0.5 unit per 100 cc. over that for serum. The acid phos- 
phatase activity of hemolyzed blood was 3.5 to 3.8 units per 100 cc. higher 
than for serum. Serum stored in the solid frozen state did not lose more 

|,than 5 per cent of its original alkaline or acid phosphatase activity, and 
‘ncould be stored indefinitely. Serum stored at 4° showed no significant 
“decline in phosphatase activity in 24 hours, but fell 10 per cent below its 
™ original level within 3 to 5 days (1). Duplicate determinations of sera did 


iinet not vary by more than 10 per cent. The average variation encountered 
— in duplicate determinations was 3 to 7 per cent. 

sep DISCUSSION 

e the ‘ : , 

ymes A comparison with other methods for measuring acid and alkaline phos- 


n, up phatase activity is given in Table II, in which may be found the substrates 
pT 
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used, definition of unit activity, and values obtained in the serum of nor- 
mal subjects. : 

Although several of these methods, notably those of Bodansky and of 
King and Armstrong, have been used widely, certain disadvantages in each 
have stimulated the quest for new ones. Some of the disadvantages will 
be considered here in order to point out to what extent they are overcome 
in the present method. 

The method of Bodansky (1) has the disadvantage of requiring two con- 
trols for each determination, in order to account for the spontaneous hy- 
drolysis of the substrate and the serum inorganic phosphate present before 
incubation. All the other methods noted, since they do not depend upon 
the measurement of an ion which is normally present in the serum, elim- 
inate the need for a preincubation control. Stock solutions of the sub- 
strate, even though preserved under the prescribed conditions in the cold, 
deteriorate significantly within 1 month. If the period of incubation is 
increased or decreased from the standard period of 1 hour, in order to ob- 
tain readily measurable amounts of free phosphate ion with sera of very 
low or very high phosphatase activity, conversion factors determined em- 
pirically must be used to obtain results in standard units. 

The method of King and Armstrong (2) has the theoretical disadvantage 
that the specific activity of the enzyme toward the substrate in high en- 
zyme concentrations is decreased. Empirically determined correction fac- 
tors must be introduced for accurate estimation of concentrations of more 
than 60 units of alkaline phosphatase per 100 cc. of serum. In clinical 
practice, however, a fairly large error is permissible in this range of activity. 

The method of Huggins and Talalay (3) presents disadvantages in that 
the substrate is not chemically pure, and hence new batches must be com- 
pletely restandardized. In addition, the color increment produced by 
variations in enzyme concentration does not bear a simple linear relation- 
ship to the amount of enzyme present. The color of phenolphthalein is 
not stable and fades appreciably within 1 hour. 

The use of p-nitrophenyl phosphate, applied to the measurement of 
alkaline phosphatase by Bessey et al. (4), and modified for the measure- 
ment of acid phosphatase by Hudson et al. (5), provides a rapid and sen- 
sitive test for phosphatase estimation. The absorption band of the colored 
product, however, is so close to that of chromogens that are frequently 
encountered in abnormal serum (as in icterus or hemolysis) that the blank 
control often has high color values, with the consequence of an increased 
error in the determination. Furthermore, the very limited phase of the 
reaction during which color density is proportional to enzyme concen- 
tration (30 minutes) suggests that one of the products of the reaction 
is inhibitory to the enzyme. Falsely low values may be obtained with 










































14 DETERMINATION OF SERUM PHOSPHATASES 


high enzyme concentrations. As in the case of the method of King and 
Armstrong, diminished accuracy in the range of high phosphatase activity 
is not of paramount importance in clinical practice, but detracts from the 
general applicability of the method in other work. 

The new method reported here avoids many of the errors attendant on 
dilution of the enzyme and provides, over a much broader range of enzyme [| 
concentration, a degree of accuracy and reproducibility equal to any of | 
the previous methods. It also presents advantages in the stability of the | 
reagents and in the need for only a single control tube for a large number 
of determinations run simultaneously. The substrate solution will remain 
intact for at least 1 month when stored in the refrigerator, eliminating 
the need for periodic check analyses. The stock buffer solutions are also 
quite stable and readily prepared, and no secondary adjustment of the pH ~ 
of the buffered substrate solutions is required, since the molar strength | 
used is sufficient to maintain a constant pH throughout the period of in- i 
cubation. Since the ethyl acetate does not extract chromogens usually | 
encountered in serum, little or no error is introduced into the determination 
by the presence of icterus or slight hemolysis. The solution of azo dye in 
ethyl acetate is stable and fading does not occur. 

The method outlined for measurement of phosphatases in serum may be 
applied equally well to the quantitative estimation of enzymatic activity 
in homogenates or sections of tissue. This makes possible simultaneous 
study with the histochemical techniques (8, 9). 

The method reported here is a simple one, based on the same funda- 
mental principles on which methods have been developed for other hy- 
drolytic enzyme systems, viz., esterase and lipase (14), 6-glucuronidase,’ 
sulfatase,* glucosidase,’ carboxypeptidase (15), and chymotrypsin. 





ae 


SUMMARY 


A new method for the determination of acid and alkaline phosphatase 
activity of serum, utilizing sodium #-naphthyl phosphate, is described. 
This method presents several advantages over prevailing techniques in 
simplicity, in stability of reagents, in lack of interference by chromogens 
of serum, and in providing a high degree of accuracy over a much wider 
range of phosphatase concentrations. 

This method also provides a means of correlating quantitative estima- 
tions of phosphatase activities in homogenates of tissue with the histo- 
chemical demonstration of phosphatases in tissue sections. 

The mean value for serum acid phosphatase obtained by this method in 


3 To be published by R. B. Cohen and A. M. Seligman. 
4 To be published by H. A. Ravin and A. M. Seligman. 
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62 normal sera was 1.0 unit per 100 cc. The mean value for serum alka- 
line phosphatase obtained in 89 normal sera was 1.8 unit per 100 cc. 


Noah WN 
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The importance of acetic acid as a precursor in the synthesis of cho- 
lesterol by the animal body is well established (1, 2); both carbon atoms 
participate (3, 4). Whether acetic acid is utilized per se or as some other 
2-carbon compound remains unknown. Bloch and Rittenberg have shown 
that ethyl aleohol (CD;CH.OH) compares favorably with acetic acid as 
a precursor in cholesterol synthesis (5). There is evidence that an alde- 
hyde is an active metabolite in sterol synthesis (6), and the dismutation 
of acetaldehyde is known to take place in liver homogenates (7). This 
raises the possibility that ethyl alcohol or acetaldehyde may be an inter- 
mediate in the utilization of acetate for cholesterol synthesis. 

To test this hypothesis, experiments in vivo and in vitro, with a-deu- 

terioethyl alcohol as the test substance, were performed. If ethyl alco- 
hol were an immediate precursor of cholesterol, the deuterium in the a 
_ position should be incorporated into the cholesterol molecule; the same 
' consideration might apply to acetaldehyde. If, on the other hand, ethyl 
» alcohol were first converted to acetic acid or some active acetyl radical, 
' the a-deuterium would be lost in the oxidation and none incorporated 
} into the cholesterol. 
' Cholesterol digitonides from the carcasses and livers of rats fed a-deu- 
. terioethyl palmitate for 8 days did not contain significant amounts of 
: deuterium (Table I). Cholesterol digitonide isolated from a liver slice 
' experiment also did not contain significant amounts of deuterium (Ta- 
' ble I), although the digitonide did contain C™“, incorporated from 1-C*- 
) sodium acetate, as evidence that synthesis of cholesterol had taken place. 
__ It may be concluded therefore that ethyl alcohol is not an immediate 
_ precursor of cholesterol, but that it undergoes biological conversion to 
| either acetic acid or an active acetyl radical before utilization in cho- 
» lesterol synthesis. 


* This work was supported in part by a grant from the American Cancer Society 
/ on the recommendation of the Committee on Growth of the National Research 
§ Council. 

+t National Research Council Fellow in the Medical Sciences (1948-50). Present 
address, Research Laboratories, The Mary Imogene Bassett Hospital, Cooperstown. 
New York. 
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EXPERIMENTAL 


Preparation of a-Deuterioethyl Alcohol—In wet ethereal solution the 
a-hydrogen atoms of diazomethane and diazoethane undergo exchange 
with D.O at a rapid rate. 

2.5 gm. (0.045 m) of diazoethane in 350 cc. of ether were prepared, 
dried, and assayed (8). To this solution 3 cc. of 99.8 per cent D.O were 
added, and the mixture was shaken and allowed to stand overnight in the 
cold. 3,5-Dinitrobenzoic deuterio acid was prepared by dissolving 10.6 
gm. (0.05 m) of the acid in 100 cc. of ether containing 2.7 cc. of 99.8 per 
cent D.O and the solution was refluxed for 2 hours. This solution was 
slowly added to that of the diazoethane. The ether was distilled off, 
leaving a deep orange-colored residue. This was dissolved in ether, 


TABLE I 


Cholesterol Synthesis in Rats Fed a-Deuterioethyl Palmitate and Cholesterol Synthesis 
in Rat Liver Slices from a-Deuterioethyl Alcohol and 1-C'4-Sodium Acetate 




















Atom per cent excess deuterium in C1 in cholesterol 
digitonide 
Cholesterol digitonide Body water, 8th day 
c.p.m 

Rat A, carcass........... 0.008 0.012 

RUMMES Fe ris ekn cre inndaAe 0.008 0.014 
Rats A and B, combined 

ic: ae 0.004 
MD AWOR RUICOR S 5 5 o:0:0: oa iieseiais 0.002 1901 + 13* 








* Standard deviation. 


washed with 3 per cent Na,CO;, and then with water until neutral to lit- 


mus. The ether was removed by distillation, and the product recrys- 
tallized from absolute methanol and water. A yield of 4.48 gm. of ethyl 
3 ,5-dinitrobenzoate, melting at 90°, was obtained. It contained 15.0 at- 
oms per cent excess deuterium. 

2 gm. (0.008 m) of the ethyl 3,5-dinitrobenzoate were refluxed in 30 cc. 
of 10 per cent NaOH for 3 hours. A mixture of alcohol and water was 
distilled from the resultant deep orange-colored solution. The alcohol- 
water mixture was redistilled, and the first fraction of 7.5 cc. collected. 
The alcohol was salted-out by addition of excess K,CO; and removed 
by pipette. 

A sample of this alcohol was oxidized to acetic acid by KMnQ,y. The 
acetic acid was separated by distillation and precipitated as the silver 
salt. This salt contained 0.39 atom per cent excess deuterium, which 


indicates that 3 per cent of the deuterium in the alcohol was in the methyl | 


group. The mechanism by which the deuterium had entered this group 
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is not clear. The addition of tetramethylammonium hydroxide during 
the exchange of the diazoethane did not enhance the deuterium concen- 
tration in the methyl group. 

Preparation of a-Deuterioethyl Palmitate—Approximately 8 gm. (0.07 m) 
of a-deuterioethyl alcohol were allowed to react with 38 gm. (0.14 m) 
of palmityl chloride. The ethyl palmitate was isolated by the usual pro- 
cedure and distilled at 155-162° (4 mm. of Hg). 23.5 gm. of a-deuterio- 
ethyl palmitate melting at 24-25° were obtained. It contained 0.928 
atom per cent excess deuterium. 

Preparation of 1-C'*-Sodium Acetate—Methylmagnesium bromide was 
carbonated with C“O,. The carboxyl carbon had an activity of 1.4 xX 
10‘ c.p.m. 

Feeding Experiments—Two rats weighing 147 and 183 gm., respectively, 
were placed in metabolism cages and given 15 gm. per day of a 15 per 
cent casein stock diet (9). After 5 days, 0.5 gm. of a-deuterioethyl pal- 
mitate was incorporated into each rat’s daily portion of the diet. Feed- 
ing of the test substance was continued for 8 days, at which time the rats 
were sacrificed. 

Liver Tissue Slice Technique—3 gm. of liver slices were incubated in 
30 cc. of Krebs-Ringer phosphate buffer (10). To the pot were added 4 
drops of a-deuterioethyl alcohol, 5 mg. of 1-C'*-sodium acetate, and 5 mg. 
of non-isotopic sodium acetate. 

Isolation Procedures—A sample of body water was distilled from each 
rat carcass, and then the cholesterol was isolated as the digitonide from 
the carcasses separately and from the combined livers (11). Cholesterol 
was isolated from the liver slices as the digitonide (10). 

Isotope Analyses—C™ activity was measured with a thin window Gei- 
ger-Miiller counter on the sodium acetate and cholesterol digitonide. The 
counting vessels were sintered steel dishes of 2.0 sq. cm. in area. In the 
case of the cholesterol digitonide, correction to infinite thickness was 
made from known data (12). Sufficient counts were taken to give a 
standard deviation of less than 5 per cent. Deuterium analyses were 
carried out by a micromethod.! 


SUMMARY 
Ethyl alcohol is not an immediate precursor in the biological synthesis 
of cholesterol. 
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tion It is well known that cell-free alcoholic fermentation shows the Harden- 


Young effect: when sugar is fermented by dialyzed Lebedev maceration 
juice in the presence of orthophosphate and all known coenzymes, the rate 
of fermentation decreases markedly after the free phosphate is exhausted 
| (cf. Meyerhof (1)). This phenomenon is due to the coupling between 
dehydrogenation of triose phosphate and binding of phosphate, according 
" to the reaction discovered by Warburg and Christian (2): 


p-Glyceraldehyde-3-phosphate + phosphate + DPN! s 
D-glyceric acid 1,3-diphosphate + DPNH:2 (1) 


Since inorganic phosphate is required by this reaction, the whole fer- 

mentation depends on its presence. After being bound on glyceralde- 
_ hyde-3-phosphate, it is transfered to adenosinediphosphate (ADP), yield- 
ing adenosinetriphosphate (ATP), which transfers its labile phosphate 
to new hexose molecules, forming hexose diphosphate. 

We recently found that the decrease in velocity due to the Harden- 
Young effect is much smaller if a thermostable and protein-free fractiori 
from fresh yeast is added to the enzyme. This yeast factor enables the 
fermentation system with traces of orthophosphate to work about 3 times 
| faster than addition of ATP will allow. The cofactor shows some proper- 
_ ties of a nucleotide and seems to act by forming a phosphate compound 
_ which yields inorganic phosphate rapidly during the fermentation. 
| The rate of glucose fermentation produced by the cofactor approaches 

the very high velocities known to be obtainable with arsenate or in the 
presence of suitable amounts of orthophosphate or phosphopyruvate. 
' For these comparative experiments phosphopyruvate has been prepared 

by modifying the method of Kiessling (3). 

Some years ago (4, 5), we described a cell-free fermentation system 
which fermented hexose diphosphate in the presence of an excess of glu- 
cose, but did not attack the resulting mixture of glucose and hexose mono- 
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phosphate except when a specific coenzyme was added. We presume 
that this factor is related to the substance reported in this paper. 


Preparations and Methods 


Maceration Juice—20 gm. of rapidly dried brewers’ yeast (Anheuser- 
Busch) were mixed with 40 ml. of 0.2 m sodium bicarbonate, stirred, and 
kept 16 hours at 25°; 20 gm. of yeast were treated in the same way for 
24 hours with 0.1 m bicarbonate; both samples were centrifuged, the su- 
pernatant fluids mixed and dialyzed for 2 hours at 2° against 3 liters of 
running 1.3 X 10-* m sodium-potassium phosphate buffer of pH 6.5. 
The dialyzed maceration juice was stable for about 10 days in the frozen 
state. 

Fermentation Test—The test solution consisted of 0.65 ml., containing 
0.3 ml. of maceration juice, cofactor, or water, respectively, and the fol- 
lowing components (in micromoles): glucose 375, hexose diphosphate 2.1, 
DPN 0.05, adenosine-5-phosphate (A-5-P) 0.7, sodium-potassium phos- 
phate 15, magnesium chloride 1.2, manganese sulfate 0.6; pH 7.0. The 
carbon dioxide evolution was measured under nitrogen or air at 28°. 

Unit and Activity of Cofactor—After 50 minutes, when the fermentation 
rate becomes constant, the CO, evolved is measured (microliters per 15 
minutes). The amount of cofactor which produces a difference in CO, 
evolution of 90 ul. compared with the blank (e.g. 210 to 120) is defined as 
a unit. The number of units divided by the number of mg. added is 
the measure of the cofactor activity of a given preparation. 

Preparation of Phosphopyruvic Acid—The method is based on the pro- 
cedure described by Kiessling (3) and follows the suggestions of Schmidt 
and Thannhauser (6). The directions are the following. 

Mix 30 gm. of freshly distilled, ice-cold pyruvic acid in a 700 ml. flask 
with 90 gm. of freshly distilled, ice-cold quinoline. Add drop by drop, 
stirring with a strong motor, 30 gm. of phosphorus oxychloride mixed with 
30 gm. of cold quinoline; the temperature will rise to 60-70° and remain 
there. This operation takes about 50 minutes. The material becomes 
dark and very viscous. After all the POCI; is added, continue the stir- 
ring until the temperature goes down to about 55°. Stop the mechanical 
stirring and spread the material around the walls of the vessel with a 
stirring rod. Turn the motor on and add drop by drop 150 ml. of 25 per 
cent sodium hydroxide and 120 ml. of ice water. The temperature falls 
and stays at 15-20°; cool the flask if necessary. Stir until all the solid 
material has been dissolved. Add 25 per cent sodium hydroxide (about 
30 ml.) to bring the pH to 8.0. Centrifuge the mixture and separate the 
dark aqueous solution (about 320 ml.) from the dark (upper) quinoline 
layer in a separatory funnel. 





y, 


fug 
ace 
Wa 
0.3 
Adc 
just 
0.2 
C 
sup’ 
70 1 
cen’ 
naté 
in t 
IV. 
lows 
and 
Add 
vess 
stan 
met, 
the 
C 
then 
1 gr 
no | 
per 
0 
cial 
prep 


T 
men 
obta 
chro 

Fy 
were 
boile 
The 
mus 


XUM 


ime 


iser- 
and 
r for 
, SU- 
rs of 
6.5. 
ozen 


ining 
> fol- 
» 2.1, 
ohos- 

The 


ation 
er 15 
CO, 
ed as 
led is 


» pro- 


flask 
drop, 
1 with 
emain 
comes 
e stir- 
anical 
vith a 
25 per 
e falls 
e solid 
(about 
ute the 
inoline 





P. OHLMEYER 23 


Add 600 ml. of methanol, with stirring, to the aqueous solution, centri- 
fuge the precipitate, and add, with stirring, 40 ml. of saturated barium 
acetate to the supernatant. Collect the precipitate by centrifugation. 
Wash twice with 600 ml. of 2:1 methanol-water. Dissolve it in as much 
0.3 N nitric acid as necessary (200 to 250 ml.) to reach pH 2.8 to 3.2. 
Add 25 ml. of 25 per cent silver nitrate; centrifuge the precipitate. Ad- 
just the pH of the supernatant to 5.0 to 5.2 by adding about 450 ml. of 
0.2 N ammonia. Keep the solution overnight at 0°. 

Centrifuge the precipitate, which may contain crystals, and keep the 
supernatant (I) in the cold. Dissolve the precipitate in sufficient (about 
70 ml.) 0.3 N nitric acid to bring the pH to 3. Discard the residue after 
centrifuging. Add (about 110 ml.) 0.2 N ammonia to bring the super- 
natant to pH 5. Centrifuge the precipitate; keep the supernatant (II) 
in the cold. Dissolve and reprecipitate to obtain Supernatants III and 
IV. 

Collect the crystals from all the supernatants and recrystallize as fol- 
lows: Dissolve in nitric acid to pH 3. Add the same amount of water 
and 0.3 ml. of barium acetate. Filter; wash the precipitate with water. 
Add ammonia to the filtrate until turbidity first appears. Shake the 
vessel; crystals will appear. Add ammonia to pH 6. Let the material 
stand 1 hour in the cold; centrifuge and wash once with 2:1 water- 
methanol, twice with methanol, and twice with diethyl ether. Dry; keep 
the material cold and in the dark. 

Combine all the supernatants and add 5 ml. of barium acetate; allow 


| them to stand several days in the cold; collect the precipitates (about 
amidt 7 


1 gm.) and recrystallize. Yield, 4.9 gm. of silver-barium salt; colorless; 
no inorganic phosphate; iodine-labile P 6.88 per cent (calculated 6.94 
per cent). 

Other Compounds—ATP (80 per cent purity) and A-5-P were commer- 
cial products (Sigma Chemical Company). DPN, purity 0.70, has been 
prepared by the method of Williamson and Green (7) in this laboratory. 


Preparation of Cofactor 


The procedure avoids the use of acids or bases exceeding 0.01 N. Treat- 
ment with barium destroys the activity of the cofactor. Purification is 
obtained by precipitations with alcohol and by means of ion exchange 


| chromatography. 


First Step—10 kilos of fresh Fleischmann’s bakers’ yeast (90,200 units) 
were stirred with 1 kilo of sodium chloride and, after liquefaction, quickly 
boiled. 7.5 kilos of ice were added and the fluid centrifuged in the cold. 
The supernatant (about 10 liters, 59,000 units) was made neutral to lit- 


mus and 50 liters of cold methanol and 50 liters of cold 95 per cent eth- 








24 COENZYME OF ALCOHOLIC FERMENTATION 


anol were added; the precipitate was separated by centrifuging and 
washed with methanol, 1:1 methanol-ether, and ether, and dried. Yield, 
103 gm.; 22,600 units; activity 0.22. 

Second Step—12 gm. (2640 units) from the first step were dissolved in 
200 ml. of water and a dark residue spun down; the supernatant was 
put through a column set up with 30 gm. of Dowex-1, formate form, in a 
tube 18 mm. in diameter; this procedure took about 90 minutes. 10 ml. 
fractions were eluted with a mixture of 0.01 N hydrochloric acid and 0.2 m 
sodium chloride. In the region between 300 and 400 ml. of eluate a large 
increase in optical density (A = 260 mu) was observed, and the yellowish 
fractions around this peak were centrifuged and precipitated with 10 
volumes of methanol. The precipitate was washed with 1:1 methanol- 
ether and with ether and dried in vacuo. Yield, 215 mg.; 840 units; ac- 
tivity 3.9. 

Third step—1.18 gm. collected from the second step were dissolved in 
30 ml. of water and put on a 28 gm. Dowex column. The fractions be- 
tween 450 and 540 ml. of eluate showed a maximum in optical density. 
Fraction 49 (10 ml.) was precipitated with 100 ml. of methanol and 100 
ml. of ethanol. It yielded 9.2 mg. of cofactor of 9.4 activity. 

Analytical Data of Fraction 49—Total P 9.6 per cent; labile P (n HCl, 
100°, 7 minutes) 4.6 per cent; ratio of labile P to stable P, 1:1.07 (diade- 
nosinetetraphosphate of Kiessling and Meyerhof (8), 1:0.93). The opti- 
cal density at 260 my corresponds to 13.3 per cent adenine; ratio of labile 
P to adenine, 1:066 (diadenosinetetraphosphate, 1:0.77). The extinc- 
tion coefficient of 15.9 X 10° sq. cm. X mole! was used. 


Enzyme Experiments 


The Harden-Young effect and the action of the new coenzyme are 
shown in Fig. 1. While in the presence of ATP the fermentation rate 
slows down greatly after the inorganic phosphate is used up, the new 
coenzyme is able to maintain a high velocity. 

The speed of fermentation depends on the concentration of cofactor 
(Fig. 2). With small amounts, a linear relation between the concentra- 
tion of the cofactor and the fermentation rate is observed, indicating that 
there were at the most only traces of cofactor in the system before ad- 
dition. 

Experiments in which phosphopyruvate, orthophosphate, and arsenate 
were added show that the velocity produced by the coenzyme is near 
the maximum speed of fermentation. In the presence of glucose, phos- 
phopyruvate is normally fermented very rapidly; upon addition to the 
cofactor, it produces only a small and transitory increase. Orthophos- 
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Fig. 2. Correlation oetween fermentation rate and amount of cofactor. Vol- 
ume, 0.85 ml., containing 0.3 ml. of dialyzed maceration juice, different amounts of 
y9factor) cofactor or water, respectively, and thé following components (in micromoles): 
rentra- glucose 280, hexose diphosphate 2.8, DPN 0.05, A-5-P 1.1, sodium-potassium phos- 

phate 29, magnesium chloride 1.6, manganese sulfate 0.6. pH 7.0; temperature 
ig that 28°; measurement of CO, under air. The blank (141 ul. per 15 minutes) is subtrac- 
re ad-§ ted for the diagram. 


rsenate) phate, after a peak due to esterification, raises the level to a certain extent 
is near} (Fig. 3). 

phos-| As is known, arsenate in catalytic amounts can replace the phosphate 
to the) in Equation 1, forming the arsenyl compound; from this it can be split 
\ophos-| Very rapidly and by means of this cycle maintain a very high speed 
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of glucose fermentation in the absence of orthophosphate (cf. Meyerhof 
and Junowicz-Kocholaty (9)). Fig. 4 demonstrates the comparison ~f 
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During the rapid fermentation in the second period only traces of in- 
organic phosphate are detectable. The rate remains almost constant as 
long as glucose is available. Then a remarkable decrease occurs. If the 
phosphate originally present and later esterified is calculated as hexose 
monophosphate, the glucose balance appears, as shown in Table I. 

Since the fermentation rate depends on the level of the inorganic phos- 
phate, it has to be assumed that the cofactor somehow stimulates the 
delivery of phosphate. It can be shown by inhibiting the system with io- 
doacetate that this expectation is true; oxidation-reduction and esterifica- 
tion stop and the splitting of phosphate continues and becomes apparent. 
In this experiment (Table II) two fermentation samples containing co- 
factor and A-5-P, respectively, were measured manometrically and then 


TaBLe [| 
Balance of Glucose, Carbon Dioxide, and. Phosphate 


Volume, 1.2 ml., containing 0.4 ml. of maceration juice, cofactor with 2.0 um (mi- 
cromoles) of labile P, 0.08 um of DPN, and 2 um of magnesium chloride; for glu- 
cose and phosphate see the table. pH 6.5, temperature 28°. 














| Micromoles glucose 
Experiment Time of Fermented Esterified + ot | Per cent 
No. fermentation mony = Used Up. ST oa 
a | @) (3) 4) | 
min. | | 
I 275 204 | 10 | 314 3600 | 13 
2 250 202 89 | 2o1 360 | 9 
3 | 104 9 CO s9 | 179 180 1 
4 | 46 | 34 | 80 9 | 











iodoacetate was added. Hereafter, the increase in orthophosphate was 
determined in aliquots. The results are calculated for the total volumes, 
and indicate that in the presence of the cofactor the rate of fermentation 
was higher because the delivery of orthophosphate was faster. The lack 
of exact agreement between the velocities of CO, evolution and of the sub- 
sequent splitting of P may be due to the failure of iodoacetate to stop 
the oxidation-reduction immediately. 

The rapid reappearance of inorganic phosphate is not due to a splitting 
of the cofactor itself. It is true that the coenzyme yields orthophosphate 
when exposed to the system, but the same amount of cofactor ferments 
glucose about 6 times faster (Table III). 

The cofactor acts specifically also when the maceration juice is replaced 
by an extract of acetone powder made from it (CO2 per 5 minutes with 
0.4 ml. of maceration juice, 6.8 uM; with acetone powder corresponding 
to 0.53 ml. of maceration juice, 6.0 um). 
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When glucose is fermented in the presence of large amounts of hexose AT 
diphosphate, ATP and cofactor show about the usual relationship. For tai: 
example, the ordinary assay contained 40 um of hexose diphosphate in in 

Taste II lib 
Phosphate Splitting after Adding Iodoacetate list 

Volume of Sample A, 2.3 ml., containing 0.8 ml. of maceration juice and the fol- - 
lowing components (in micromoles): glucose 720, hexose diphosphate 26, DPN 0.16, ph 
cofactor with 4.0 um of labile P, sodium-potassium phosphate 34, magnesium chlo- gly 
ride 4.0. Sample B contains 11.0 um of A-5-P instead of cofactor. pH 7.0; temper- tra 
ature 28°; air. After 50 minutes the evolution of COs was measured. Then 0.4 dip 
ml. of 2 per cent sodium iodoacetate was added to each sample and after 1 and 3 | 
minutes aliquots of 0.4 ml. were pipetted into each 5 ml. of 4 per cent trichloro- — Bry 
acetic acid. The data in the table are given in micromoles; the COz values are | phi 
recalculated for 2 minutes. 5 dey 

b erh 

Sample A, cofactor Sample B, A-5-P tm 

Experiment No. f nC 
CO: evolved P split COs evolved P split B 

1 6.2 3.5 ed 1.3 2 q 
2 6.3 4.3 ¢ 

3 6.6 4.4 1.8 1.6 Baw 

4 2.4* 2.3* 5 live 

© tior 

* Extract of acetone powder made from fresh maceration juice. B eno 

TaBe III B is! 

Splitting of Cofactor by Maceration Juice @ are 

Fermentation assay. Volume, 1.2 ml., containing 0.4 ml. of maceration juice, § Zyn 

360 um of glucose, 0.08 um of DPN, cofactor with 5.2 um of labi‘e P, 2 um of mag- © gly 

nesium chloride. pH 6.5; temperature 28°; CO. measured under air. In three de- con 

phosphorylation assays under similar conditions, glucose is omitted and (a) way 


cofactor with 15.6 uM of labile P, (6) 4.0 um of ATP, or (c) 4.0 um of ATP + cofactor | 
containing 10.4 ue of labile P is employed. Phosphate determinations after 10,20, | 0D 
35, and 40 minutes. To permit comparison with the data in Table II, all results | pou 

















(in micromoles) are recalculated to 2.3 ml. and 2 minutes. : T 

P split from ‘ rati 

Fermentation COs | nos 

Cofactor ATP | Cofactor + ATP | the 

4.0 0.59 0.65 | 0.72 | by 

3 to | 

me P , : 5 dete 

addition; the quotient, rate with ATP to the rate with cofactor, was B turt 
1:3.8. e 

» que 

The difference between the rate with cofactor and that with ATP is ” 

not observed when phosphoglyceric acid is fermented in the absence of | 1 

glucose. : bers 

In two samples containing maceration juice, magnesium, 0.8 ym of BE Bal 
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ATP, 60 um of 3-phosphoglyceric acid, and (a) water or (b) cofactor con- 
taining 1.0 uo of labile P, the CO, evolution was measured for 15 minutes; 
in both samples 10.0 um of CO. were formed. In this system an equi- 
librium between phosphoglyceric acid and phosphopyruvic acid is estab- 
lished. CO, is evolved when phosphopyruvic acid is dephosphorylated 
and the resulting pyruvic acid is decarboxylated. An excess dephos- 
phorylation occurs in the presence of high concentrations of 3-phospho- 
glyceric acid by a transfer of phosphate to ADP, which is formed by the 
transphosphorylation from ATP to 3-phosphoglyceric acid, yielding 1 ,3- 
diphosphoglyceric acid. Since one phosphate group of 1,3-diphospho- 
glyceric acid is split spontaneously, the rate of formation of inorganic 
phosphate from 3-phosphoglyceric acid corresponding to CO, evolution 
depends upon the rate of regeneration of the diphospho compound (Mey- 
erhof and Junowicz-Kocholaty (9)). Obviously the cofactor does not 
increase the regeneration of 1 ,3-diphosphoglyceric acid. 


DISCUSSION 


The coenzyme described above raises the rate of sugar fermentation 
on a very low level of inorganic phosphate by evoking a continuous de- 
livery of the latter. Now, phosphate can be set free by different reac- 
tions: (a) by the splitting of the coenzyme itself (this reaction is not fast 
enough to explain the effect); (b) by the action of ATPase (this reaction 
is not stimulated by the coenzyme and acetone powder extracts, which 
are reputedly low in ATPase, still show the specific action of the coen- 
zyme); (c) by the splitting of one phosphate group of 1,3-diphospho- 
glyceric acid (if the coenzyme would accelerate the formation of this 
compound, it would increase the fermentation of phosphoglyceric acid by 
way of phosphopyruvic acid). This does not happen and it must be 
concluded that there is another, as yet unidentified, phosphate com- 
pound, the formation and breakdown of which are stimulated. 

The analytical properties of the coenzyme suggest a nucleotide. The 
ratio between labile and stable P (about 1:1) corresponds to that of ade- 
nosinediphosphate; the specificity, however, excludes this substance. On 
the other hand, the analysis resembles that of the dinucleotide described 
by Kiessling and Meyerhof (8). Also the sensitivity of both compounds 
to barium suggests this comparison. Since these investigators did not 


' determine the activity of their coenzyme in a system like ours, only the 





p further purification of our cofactor will furnish an answer to these 


questions. 


The author wishes to express his great indebtedness to Dr. A. Korn- 


” berg for his continuous interest during this work and to thank Mr. C. N. 


Ballenger for technical assistance. 
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SUMMARY 


1. Fresh yeast contains a factor which enables yeast maceration juice 
at a very low level of orthophosphate to ferment glucose about 3 times 
faster than ATP does. A crude preparation of the cofactor has been 
purified about 40-fold. It shows the properties of a nucleotide. 

2. The coenzyme appears to act by stimulating the formation of an 
unknown phosphate-splitting compound. 

3. An improvement of Kiessling’s method of preparing pure crystalline 
phosphopyruvate (silver barium salt) is described. 
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SYNTHESIS OF LABILE METHYL GROUPS BY GUINEA PIG 
TISSUE IN VITRO* 


By PAUL BERG 
(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, December 11, 1950) 


The formation of the methyl groups of methionine and choline from 
C-labeled formate has been demonstrated in the intact rat (1-3) and in 
rat liver slices (1). Du Vigneaud and his coworkers (2) have also shown 
the incorporation of the carbon of formaldehyde into the methyl groups 
of choline. It is conceivable that in rat liver the carbon of formate or 
formaldehyde is first incorporated into the methyl groups of choline or 
betaine, followed by transfer of the methyl groups to homocysteine. In 
the present report a study has been made of the possible synthesis of me- 
thionine methyl groups by a pathway not involving formation of choline 
methyl groups. In approaching this problem we have used guinea pig 
liver which has been reported to lack an active liver choline oxidase sys- 
tem (4), and shown to be unable to methylate homocysteine from choline 
(5). 

In the present work it has been found that, while guinea pig liver does 
actually methylate homocysteine from choline, this reaction is blocked 
under anaerobic conditions, whereas synthesis of the methionine methyl 
groups from formate was relatively unaffected. These results indicate 
that labile methyl group synthesis may occur by some mechanism other 
than choline formation. In addition, evidence has been obtained that 
betaine methyl groups are not intermediates in the synthesis of the methyl 
groups of methionine from formate. 

As part of an investigation concerning the conversion of the formate 
carbon to methionine, it was found .that formaldehyde per se is not on the 
pathway of formate to methionine methyl groups. 


EXPERIMENTAL 


The animal tissues used in this study were obtained from guinea pigs 
maintained on a diet of Purina rabbit food supplemented with carrots, 


*This work was supported in part by a grant from the American Cancer Society 


on the recommendation of the Committee on Growth of the National Research 


Council, and in part by departmental funds given by the Elisabeth Severance 
Prentiss Fund of Western Reserve University. 
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and weighing between 250 and 400 gm. The animals were killed by stun- 7 re 
ning and exsanguination. The livers were quickly removed, washed with | _ by 
isotonic saline, and sliced with the Stadie-Riggs microtome. 1.5 gm. of | fil 
slices were added to each of the chilled Warburg flasks containing the di: 
appropriate buffers and substrates. When homogenates were employed, cit 
the excised liver was quickly weighed, minced, and homogenized with 2 Ox 
parts of buffer in a glass homogenizer. The flasks were gassed and then di 
incubated for 2 hours at 38°. The exact experimental conditions have } 
been included in Tables I to V. The reaction was terminated by adding bic 
1 ml. of concentrated HCl to each flask. When it was not desired to iso- by 
late the formate, the acidified contents of each flask were lyophilized to Fo 
remove excess formate, followed by the isolation of the methyl group of | mi 
free and protein-bound methionine as methyl iodide (6). The methyl § ov 
iodide was converted to tetramethylammonium iodide with trimethyl- 
amine (7) and the radioactivity determined.! One recrystallization from 
alcohol and water gave constant specific activity and a theoretical iodine 
titration. 

When formate was isolated, the incubation was terminated with 1 ml.) — 
of 40 per cent trichloroacetic acid (TCA). Unlabeled formic acid carrier | Fo 
was added and the formic acid isolated by steam distillation. This 
treatment did not bring about any breakdown of trichloroacetic acid to | 


Sy 


formic acid. The formate was oxidized to CO, with mercuric ions (8) I 
and counted after plating as BaCOQ3.! | dim 

In experiments in which formaldehyde was isolated, carrier formalde- | ““: 
hyde and 1 ml. of 40 per cent TCA were added at the end of the incubation. |’ 


The TCA filtrates were steam-distilled and the formaldehyde in the dis- 7 ya; 
tillate was precipitated as the dimedon derivative (9), recrystallized from 7 
water and alcohol, and the radioactivity determined.! . 

Choline was isolated from a TCA filtrate by precipitation as the rei-- = 
neckate (10), decomposition of the reineckate by the method of Kapf-| for 
hammer and Bischoff (11), and conversion to the chloroplatinate. The i exp 
choline chloroplatinate was degraded to trimethylamine (12), which was! slic 
subsequently converted to tetramethylammonium iodide (13) and the? tha 


radioactivity determined.! b sery 
Betaine was isolated by precipitation as the reineckate (14). The | of e 
| 


1 The activity of the formate, formaldehyde, choline, and betaine was determined ‘ 
by conversion into barium carbonate and counting with an end-window Geiger” coul 
counter. The tetramethylammonium iodide samples were plated on stainless steel” He 
planchets and counted directly, but for purposes of comparison the results have guir 
been calculated and expressed as the activities determined on barium carbonate.) 








: nail : : : this 
The formaldehyde-dimedon derivative was counted directly by using a barium st 
carbonate self-absorption correction which had been found to be the same for a rate 
10 mg. sample. » Srou 
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reineckate was split (11) and the betaine was separated from any choline 
by passing through a column of IRC-50 cation exchange resin (15). The 
filtrate was acidified with HCl, concentrated to dryness, the residue 
dissolved in a small amount of water, and the betaine hydrochloride pre- 
cipitated with alcohol and ether (14). The betaine hydrochloride was 
oxidized to COz by wet combustion (16), plated as BaCOs, and the ra- 
dioactivity determined.! 

The C'-formate used was prepared by catalytic reduction of potassium 
bicarbonate (17). C'-Methyl-labeled choline and betaine were prepared 
by modification of the methods of Ferger and du Vigneaud (14). C¥- 
Formaldehyde was synthesized by reduction of C“O, with lithium alu- 
minum hydride (18) and oxidation of the resulting methanol with dry air 
over a vanadium-molybdenum oxide catalyst (19). 








TaB.eE I 
Synthesis of Methyl Group of Methionine from C'4-Formate in Guinea Pig Liver Slices 
Substrate mage 
Formate: =F homocysteine: |. 66 es. cscs.c0t eles oder ewes eos 3032 
SE re a AO) eA er PO ML ARO Oe GS 840 
UROMOGVATCING 5 /556:.:5,0)-e. sore tnake Noel aons eeee 8* 








Final concentration, Na formate 6 X 107? m, homocysteine 3.7 X 10-3 m, 
dimethylaminoethanol 5.8 X 10-3 m. Activity of formate 4.6 X 104 c.p.m. per 
uM. Final volume 5.0 ml. Suspending medium, that of Winnick et al. (24). Gas 
mixture 95 per cent O2-5 per cent COs. 

* This preparation was heated at 100° for 5 minutes before the addition of for- 
mate and homocysteine. 


RESULTS AND DISCUSSION 


In Experiment I, guinea pig liver slices were equilibrated with C™- 
formate and with C'-formate plus homocysteine. The results of this 
experiment, summarized in Table I, demonstrate that guinea pig liver 
slices can synthesize the methyl group of methionine from formate and 
that this was promoted by addition of homocysteine. The synthesis ob- 
served when homocysteine was omitted was probably due to the presence 
of endogenous homocysteine. 

Dubnoff has reported that net formation of methionine from choline 
could not be demonstrated in vitro with guinea pig liver homogenates (5). 
He has, however, isolated methyl-labeled methionine from the tissues of 
guinea pigs fed C'-methyl-labeled choline (20). We have investigated 
this reaction in slices and homogenates. These preparations were incu- 
bated with C'-methyl-labeled choline and homocysteine and the methyl 


_ group of methionine isolated and counted as previously described. The 





34 SYNTHESIS OF LABILE METHYL GROUP 


results of this experiment, which are presented in Table II, indicate that 
both guinea pig liver slices and homogenates are able to methylate homo- 
cysteine to form methionine. The specific activity of the formed methyl 
group is undoubtedly many times higher, inasmuch as the method of 
degradation included total methionine. 

To test the possibility that the methyl group of methionine can be 
synthesized from formate without first forming choline methyl] groups, it 
was necessary to inhibit the methylation of homocysteine by choline. 
With rat liver Dubnoff (5) demonstrated that anaerobically the methyla- 
tion of homocysteine is inhibited. From a representative set of data, 
summarized in Table III, it can be seen that formation of methionine 
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TaBLeE II 
Methylation of Homocysteine by C'4-Methyl-Labeled Choline by Guinea Pig Liver 
Preparations 
Tissue Substrate ae 

Slices Choline + homocysteine 3,988 

‘c as ‘ce 57* 
Homogenate " + es 10,550 

- + as 19,592t 











Final concentration, choline 3 X 10-3 M, activity 7 X 10‘ ¢c.p.m. per um, ho- 
mocysteine 3.7 X 107? m. Final volume 10 ml. Gas mixture 95 per cent O2-5 per 
cent COr. 

* Slices inactivated with 1 ml. of concentrated HCl. 

{ With media described by Winnick et al. (24). 

t With 0.015 m K-PO, buffer, pH 7.5. 


from choline and homocysteine can be inhibited by anaerobiosis, while 
not affecting the conversion of formate to the methyl group of methionine. 


Further indication that choline per se is not an intermediate in the | 


incorporation of formate to methionine methyl groups was afforded by 


dilution experiments. If choline methyl groups were intermediates in | 


this conversion, incorporation of the radioactivity into the methyl group [| 
| the 


of methionine would be significantly decreased in the presence of a large 
pool of unlabeled choline. The results of such dilution studies necessi- 
tate the assumption that the intermediates formed in a reaction are in 
equilibrium with a pool of the same compound which has been added. 
While conclusive proof on this point, in the system employed, is lacking, 
the fact that choline does methylate homocysteine and is oxidized to CO; 
in the liver slice is taken as presumptive evidence that choline can pene- 
trate the liver cells. C'-Labeled formate and homocysteine were incu- 


bated with liver slices in the presence of 100 um of unlabeled choline and | 


the specific activity of the methyl group of methionine obtained, com- | of r 
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pared to a control flask in which choline was omitted." To determine the 
size of the diluting pool remaining at the end of the experiment, 100 um 
of C-methyl-labeled choline were incubated in a system in which non- 
isotopic formate replaced the isotopic formate and the non-phosphatide 
choline was isolated at the end of the experiment. Of the 100 um of 
choline added initially, 72 um remained as free choline. The minimum 
dilution of the specific activity of the methionine methyl] groups, if all of 


TaB_e III 


Comparison of Methylation of Homocysteine by Choline and Formate under Aerobic 
and Anaerobic Conditions in Guinea Pig Liver Slices 











Gas phase Substrate pagan Oe 
95% 02-5% COz Choline + homocysteine | 2276 
| Formate + “e | 1212 
95% N2-5% COz2 | Choline + ‘ | 125 
| Formate + e | 2088 





Final concentration, choline 6.2 X 107? m, activity 2.6 X 104 c.p.m. per um or 
Na formate 6 X 10-* M, activity 4 X 10‘ c.p.m. per um, homocysteine 3.7 X 10-3 M. 


| Final volume 5.0 ml. Suspending medium, that of Winnick et al. (24). 


TaBLe IV 


Methylation of Homocysteine by C4-Formate in Presence of Unlabeled Choline and 
Betaine by Guinea Pig Liver Slices 








Substrate Spec ceteia eres 
1 Formate -- homocyastemie 2205000 ee en 3032 
ee + ee + 100 um choline.............. 1508 
e ae PO oe rae ne Oe OE Rome ne 1872 
“i +. ee + & pwr betaine....:.......... 875 








Final concentration, Na formate 6 X 107* M, activity 4 X 10‘ c.p.m. per um, ho- 
mocysteine 3.7 X 107m. Final volume 5.0 ml. Suspending medium, that of Win- 
nick et al. (24). Gas mixture, 95 per cent O2-5 per cent COs. 


the 30 um of the formate had passed through a pool of 216 um of the 
methyl carbons of choline, would be seven times. Actually, only a small 
portion of the formate is involved in the synthesis, as 60 per cent of the 
formate is oxidized to CO, and 8 uM remained at the end. From Table 
IV it can be seen that the dilution found was considerably less than would 
be expected if choline were an intermediate. Similarly, when 50 um of 
betaine were used as the diluting pool, 49 um remained, but the dilution 
found was less than would be expected. The dilution observed in the 
presence of choline or betaine may be the result of independent formation 


YIM 
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activity of the end-product, or formation of formate from the choline 
and betaine and dilution of the formate available for synthesis. 
Formaldehyde has been shown to be converted to labile methyl groups 
in the rat (2). We have investigated the possibility that formaldehyde is 
an intermediate in the conversion of formate to methionine methyl] groups. 
Formate labeled with C™ was incubated, aerobically and anaerobically, 
with guinea pig liver slices in the presence of 30 um of unlabeled formal- 
dehyde, and the specific activity of the methionine methyl groups deter- 
mined. From Table V it can be seen that in both cases the dilution of 
the specific activity was about 50 per cent when compared to the con- 
trols. That a portion of the formaldehyde pool remained at the end of 
the incubation is demonstrated by an experiment in which 26 um of C*- 


TABLE V 


Methylation of Homocysteine by C'4-Formate in Presence of Unlabeled Formaldehyde 
by Guinea Pig Liver Slices 








Specific activity, 
Gas phase Substrate ¢.p.m. per mg. 
methyl C 
95% O2-5% COz Formate + homocysteine 3032 
- + “f + 30 um formal- 1304 
dehyde 
95% N2-5% CO2z Formate + homocysteine 2900 
os + on + 30 um formal- 1480 
dehyde 











Final concentration, Na formate 6 X 107° M, activity 4 X 104 c.p.m. per uM, ho- 
mocysteine 3.7 X 10° m. Final volume 5.0ml. Suspending meditm, that of Win- 
nick et al. (24). 


labeled formaldehyde were incubated with the liver slices in the presence 
of formate. Approximately 2 um of free formaldehyde could be recovered 
aerobically, and 3 um of free formaldehyde anaerobically. These figures 
are based on the recovery of total radioactivity in the formaldehyde iso- 
lated at the end of the experiment and expressed in terms of the original 
formaldehyde. Essentially the same results were obtained when formal- 
dehyde was precipitated as the dimedon derivative from the TCA filtrate 
by the method of Mackenzie (21). Actually the size of the formaldehyde 
pool may be larger, due to endogenous formaldehyde formation which is 


not determined by this procedure. From previous experiments it was | 


estimated that 0.03 to 0.05 micromole of the original formate had been 
incorporated into the methyl groups of methionine under these conditions. 
This amount of formate, passing through a pool of at least 2 or 3 um of 
formaldehyde, would cause a dilution significantly greater than the 50 


per cent dilution found. Siekevitz and Greenberg (22) have found that 
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oline rat liver slices, which yield formate from glycine labeled with C™ in the 
; a-carbon atom, do not convert formate to formaldehyde aerobically or 
oups anaerobically. Using pigeon liver homogenates for a study of purine 
de is synthesis from C"™-formate, Greenberg? has found no appreciable con- 


ups. fF version of formate to formaldehyde. When C"-formate was incubated 
ally, |) in the guinea pig liver slice system with a pool of unlabeled formaldehyde, 
mal- | no significant conversion of formate to formaldehyde could be detected, 
eter- as measured by the amount of radioactivity in the formaldehyde frac- 


m. of tion recovered at the end of the incubation. The rapid oxidation of 
con- formaldehyde to formate and CO, makes it seem likely that the pool of 
id of | formaldehyde has entered the liver cells and thus is in equilibrium with 
| C4. § any formed formaldehyde. The dilution of the specific activity of the 
methionine methyl groups by a pool of formaldehyde may be due in part 
lehyde ) to incorporation of the formaldehyde to methyl groups by another path- 
' way and to conversion of a part of the formaldehyde to formate, thus 
diluting the formate pool available for the synthesis. These and other 
po possibilities are now under investigation but preliminary experiments 
I have been hampered by a non-enzymatic reaction between formaldehyde 
and homocysteine.’ 

Conversion of formate to methionine methyl groups in liver homoge- 
nates has not been observed with rat liver (23) and guinea pig liver. Re- 
cently we have found incorporation of the radioactivity of C'*-labeled 
formate into the methyl groups of methionine by using pigeon liver homo- 
genates. A study of the mechanism and pathways involved in the syn- 


iM, ho- § thesis is under investigation with this system. 
f Win- 








SUMMARY 


esence The conversion of formate to the methyl group of methionine in guinea 
overed | pig liver slices has been demonstrated. Inhibition and dilution studies 
figures f indicate that the methyl groups of choline and betaine are not inter- 
Je iso- } mediates in this conversion. Formaldehyde per se does not appear to 
riginal | be an intermediate in the formation of the methyl group of methionine 
ormal- § from formate. 

filtrate 
lehyde The author wishes to acknowledge the interest and helpful suggestions 
hich 7 ' *Dr. G. R. Greenberg, personal communication. 

it was :The non-enzymatic product has been isolated and shown to be different 
d been) from methionine. Its structure has not been fully identified but preliminary 
litions. ) data indicate that it is the heterocyclic structure m-thiazane 4-COOH acid, 
} pm of | S-CH:—CH:—CH—COOH. Whether this compound is an intermediate in the 
the 50 L__on, NH 


1d that} synthesis of methionine from formate is being investigated. 
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ELONGATION OF PEPTIDE CHAINS IN ENZYME-CATALYZED 
TRANSAMIDATION REACTIONS* 


By JOSEPH 8. FRUTON, ROBERT B. JOHNSTON, ann MELVIN FRIEDt 


(From the Department of Physiological Chemistry, Yale University, New Haven, 
Connecticut) 


(Received for publication, December 20, 1950) 


Previous reports from this laboratory (1-3) have provided evidence for 
the catalysis, by proteolytic enzymes, of transamidation (or transpeptida- 


» tion) reactions in homogeneous systems. In a consideration of the possible 


metabolic significance of such reactions (1), the hypothesis was advanced 


| that the energy for the synthesis of the peptide bonds of proteins might be 


»., 169, & 


70, 441 


., 1156; 


» funneled through a small number of amides or peptides such as glutamine 
' or glutathione. The studies of Speck (4) and of Johnston and Bloch (5) 
» have indicated that, in certain animal tissues, the biosynthesis of gluta- 
> mine and of glutathione from the component free amino acids involves 
* the intervention of adenosinetriphosphate; this work has lent support to 


the suggestion that adenosinetriphosphate participates in a transphospho- 
rylation reaction with a free amino acid (e.g., L-glutamic acid) to form a 


) phosphoric acid anhydride (e.g., y-L-glutamyl phosphate) which then reacts 
' with ammonia or a peptide, with the formation of glutamine or a y-glu- 
' tamyl peptide such as glutathione (6). According to the view offered pre- 

viously (1), these products might then participate in replacement reactions 


' catalyzed by intracellular proteolytic enzymes. Adenosinetriphosphate, in 


Seo 





causing the formation of such key funneling agents of “peptide bond en- 
ergy,” thus would link the process of peptide synthesis to the exergonic 
reactions in the breakdown of carbohydrates and fats; the catalysis of 
transpeptidation reactions by the intracellular proteolytic enzymes would 
permit the selective utilization of this energy for the synthesis of naturally 
occurring peptides and the elongation of peptide chains in the formation 


| of proteins. 


It was gratifying to learn from a recent publication by Hanes et al. (7) 


' that these investigators had independently developed a hypothesis which 
| closely resembles that presented above. They found that, after incuba- 


tion of sheep kidney extracts with glutathione and one of several amino 


, acids (leucine, phenylalanine, valine), the presence of new ninhydrin-re- 


* This study was aided by grants from the Rockefeller Foundation and from the 
American Cancer Society (on recommendation of the Committee on Growth of the 
National Research Council). 

+ Predoctoral Fellow of the Atomic Energy Commission. 
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active substances could be demonstrated by means of paper chromatog- 


raphy. These substances migrated at rates different from those of any 
of the products of the hydrolysis of glutathione or of the other components 
introduced at the start. The new spots were provisionally attributed to 
y-glutamyl peptides of the added amino acids (e.g., y-glutamylphenyl- 
alanine), although authentic samples of these peptides were not available 
for direct comparison. The authors concluded from these results that, in 
the presence of added amino acids and of certain enzymes present in the 
kidney extract, glutathione can undergo a transpeptidation reaction in 
which cysteinylglycine and a y-glutamyl] dipeptide are formed. 

In another recent paper, by Grossowicz et al. (8), it was shown that glu- 
tamine can participate in replacement reactions catalyzed by enzymes 
present in cell-free extracts of Proteus vulgaris. The results cited above 
(7, 8) thus provide an experimental basis for the view (1) that gluta- 
thione and glutamine may participate in enzyme-catalyzed transamidation 
reactions. The enzymes involved in these replacement reactions have not 
been identified as yet; the previous studies from this laboratory suggest, 
however, that they act at CO—NH bonds in a manner comparable to that 
exhibited by known peptidases and amidases. 

Although the available experimental knowledge concerning the biosyn- 
thesis of peptide bonds is fragmentary, one may venture to propose an 
admittedly speculative scheme, in the hope that it will serve as a useful 
working hypothesis in the further exploration of the metabolic pathways 
leading to the formation of the peptide bonds of proteins. In this scheme, 
the reactions designated by means of solid arrows are considered to be re- 
versible enzyme-catalyzed transamidation reactions, and the various hy- 
pothetical intermediates are enclosed in brackets. 


Adenosinetriphosphate 
{| 
[Source of “high energy” phosphate] 
! 


| 
| + Glutamic acid, 


+ Glutamic acid | | eyeteine, alydine 


Glutamine => [ 


“6 + ” . 4 “< +4 ” 2 ©. 
Active cig! des [ Active | oct Cietethteeil 


of glutamine of glutathione 


+ Amino acid A 
(or peptide A) 


i Aetivated’”’ amino acid A (or peptide A)] 
| + Amino acid B (or peptide B) 


Peptide C — — — -> protein 
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The present communication is intended as a contribution to the study 
of the discrete enzymatic mechanisms whereby peptide chains are length- 
ened in biological systems. It deals with the action of proteinases such as 
chymotrypsin and papain in transamidation reactions leading to the elon- 
gation of peptide chains. 

Elongation of Peptide Chain by Chymotrypsin—Previous studies (3) have 
shown that, at pH 7.9, crystalline chymotrypsin catalyzes the transpepti- 
dation reaction (A) in which benzoyl-L-tyrosylglycinamide (BTGA) is the 
substrate. With benzoyl-L-tyrosinamide (BTA) as the substrate and iso- 


CH:C,.H,OH 


C,H; CO—NHCHCO—NHCH.CO—NH: + N"H:CH:CO—NH: 


i) 
CH:C.H.0H 


C,H; CO—NHCHCO—N#*HCH:CO—NH: + NH:CH:CO—NH: 
(A) 


topic ammonia as the replacement agent, however, only very slight trans- 


-amidation could be noted at pH 7.9. The difference in the results of the 
two experiments was attributed primarily to the difference between the 


pK values of the cations corresponding to glycinamide (pK = 7.9) and to 


/ammonia (pK = 9.4). 
bhways | 


In extending these studies, BTA served as the substrate for chymotryp- 
sin, and isotopic glycinamide was the replacement agent in the transami- 
dation reaction (B). As before (3), the reaction was interrupted after a 


CH.C,.H,OH 


C,H; CO—NHCHCO—NH: + N*H:CH:CO—NH;,; >= 
CH:C.H,OH 


C,H; CO—NHCHCO—N"HCH:CO—NH: + NH: 
(B) 


‘portion (40 per cent) of the BTA had been deamidated. To facilitate the 


separation of the isotopic BTGA formed by transamidation, non-isotopic 
BTGA was added as carrier. This permitted the isolation of an analyti- 
cally pure sample of BTGA which contained N'® and whose isotope con- 
tent did not change upon recrystallization. From the isotope content of 
the isolated BTGA, it was possible to calculate that, under the condi- 
tions of the transamidation experiment, 14 per cent of the BTA that had 
undergone deamidation had been converted into isotopic BTGA. Clearly, 
this is a minimal value, since some of the newly formed BTGA must have 
been subjected to enzymatic hydrolysis. When the enzyme was omitted 
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42 ELONGATION OF PEPTIDE CHAINS 


in a control experiment, the isotope content of the isolated BTGA was 
negligible. 

In another control experiment, chymotrypsin was present, but BTA was 
replaced by an equimolar quantity of benzoyl-L-tyrosine. It was of con- 
siderable interest to find that the isolated BTGA contained N"; the isotope 
concentration was about one-seventh of that found in the experiment with 
BTA. Since only 40 per cent of the BTA had been deamidated in the 
latter experiment, only a small fraction (less than 10 per cent) of the iso- 
topic BTGA could have arisen by condensation of benzoyl-L-tyrosine with 
isotopic glycinamide according to reaction (C). 


CH:C.H,OH 


CsH;CO—NHCHCOOH + N*H.CH:.CO—NH, = 
CH:C,.H,OH 


| 
C.H;CO—NHCHCO—N“HCH,CO—NE; + H,0 
(C) 


From the isotope concentration of the BTGA isolated in the experi- 
ment in which BTA had been replaced by benzoyl-L-tyrosine, it may be 
calculated that the equilibrium constant K of reaction (C) is approximately 
0.2 at pH 8 and 25°. This calculation is based on the assumptions that 
equilibrium was attained during the incubation period (2 hours), and that 
the activity of each of the components in the reaction is equal to the total 
concentration of that substance. The concentration values used were as 
follows: benzoyl-L-tyrosine, 0.025 m; glycinamide, 0.05 m; BTGA, 0.00026 
M. The above value of K indicates that the free energy change (AF) in 
the peptide synthesis (C) is approximately +1000 calories per mole. This 
figure is smaller than those previously reported for the formation of the 
peptide bonds of various derivatives of glycine, alanine, and leucine (9). 
The further application of the isotopic method described above to the 
determination of the equilibrium constant in reactions such as (C) shouldf 
yield useful data concerning the free energy of formation of peptide bonds 
in homogeneous systems. It will be of especial interest to establish the 
AF values for the formation of peptide bonds located in the interior 0 
peptide chains, which link various pairs of amino acid residues. The pre 
liminary result cited above suggests that some of these values may be con: 
siderably lower than the generally accepted average figure of +3000 
calories per mole, found for the amide bonds of simple dipeptides or of acyl 
amino acids. Although the results presented in this and earlier com: 
munications (1-3) indicate the probable importance of proteinase-cata- 
lyzed transamidation reactions in the biosynthesis of the peptide chains 0 
proteins, they do not exclude the possibility that certain types of peptide 
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A was, bonds may be formed by reversal of the hydrolytic action of the appro- 
priate proteolytic enzymes (10). 
‘A wast From the experimental data presented above, it may be concluded, there- 
of con. fore, that in the synthesis of BTGA from BTA chymotrypsin had catalyzed 
sotopell 2 transamidation reaction leading to the replacement of the amide NH: 
14 with group of BTA by glycinamide. The enzyme thus has effected the elon- 
in the gation of the peptide chain by a single amino acid residue. It may be 
he iso-§ questioned whether, in its action in the gastrointestinal tract, chymotryp- 
.e witht sin is significantly involved in synthetic reactions of this type; the model 
experiment described above serves to illustrate, however, a general prop- 
erty of the proteinases. On the other hand, the possibility cannot be ex- 
cluded that replacement reactions may occur in the course of the action 
of chymotrypsin, and of other purified proteinases, on proteins in vitro; 
this would lead to a rearrangement of the sequence of the amino acid res- 
idues, and thus influence profoundly the outcome of studies directed to 
+ H.0§ the identification of the peptides formed on partial hydrolysis of protein 
substrates. 
A recent paper by Brenner eé al. (11) reports the formation of L-me- 


eri- soap : ; On 
ett me thionyl-L-methionine and of .-methionyl-L-methionyl-t-methionine from 
imately t-methionine isopropyl ester in the presence of chymotrypsin. In view of 


oe te the demonstration (12) that chymotrypsin catalyzes the hydrolysis of ester 
nd thi analogues of sensitive amides (e9., benzoyl-L-tyrosine ethyl ester), the 
he total 2ove finding (11) offers an additional example of the elongation of a pep- 
ouea tide chain by means of a proteinase-catalyzed replacement reaction. 

0.00026 Elongation of Peptide Chains by Papain—It was shown previously (1, 
(AF) in 2) that cysteine-activated papain catalyzes transamidation reactions of 
This the types (D) and (E). It was also found that partially purified intra- 


1 of the R’ R’ 
‘ine (9). 

“to the RCO—NHCHCO—NE: + N*H, = RCO—NHCHCO—N#H; + NH; 
) should (D) 

le bonds R’ R’ 
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— +3000 


RCO—NHCHCO—NH: + NH.0OH = RCO—NHCHCO—NHOH + NH; 
(E) 


cellular proteinases of animal tissues (cathepsins) catalyze transamidation 
reactions in which hydroxylamine is the replacement agent (3). Although 
‘of acyl#the pH optimum for the hydrolysis of the appropriate synthetic substrates 
ier com by these intracellular plant and animal proteinases is near 5, transamida- 
ase-cata§ition is favored by more alkaline pH values (7 to 8). This suggests that 
chains Oifat “normal” physiological pH values the catalysis of replacement reactions 
' peptid@imay represent a major intracellular function of the cathepsins and pa- 
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painases. As noted earlier, the pH dependence of transamidation is re- 


lated to the pK of the cation of the replacement agent, since it is the con- 
jugate base which appears to be effective as a nucleophilic group. At a 
given pH, therefore, the concentration of the conjugate base will be deter- 
mined by the pK of the corresponding acid. 


For the experiments described in what follows, amino acid amides served § 


as the replacement agents, and carbobenzoxyamino acid amides were em- 
ployed as substrates for cysteine-activated papain at pH values near 7.5. 
With carbobenzoxyglycinamide as the substrate, the transamidation re- 
action under study may be formulated as shown in (F). 


R 


C.H;CH,OCO—NHCH:CO—NH: + NH:CHCO—NH: = 
R 


C.H;CHzOCO—NHCH:CO—NHCHCO—NH:z + NH; | 


(F) 


The replacement of the amide NH: group of carbobenzoxyglycinamide by 
the amino acid amide thus represents the elongation of the substrate by a 


single amino acid residue in a reaction whose over-all free energy change | 


may be expected to be small. During the incubation with the enzyme, a 
portion of the carbobenzoxyglycinamide will also undergo hydrolysis to 
carbobenzoxyglycine and ammonia. 

In the initial studies on papain-catalyzed elongation of peptide chains, 
the amino acid amides were chosen so that only the CO—NH bond in- 
volving the carbonyl] group of the glycine residue was sensitive to enzymatic 


action. Since earlier studies (13) had shown that carbobenzoxy-.-phen- | 


ylalaninamide and carbobenzoxy-u-tyrosinamide were relatively resistant 
to the hydrolytic action of cysteine-activated papain at pH 5, the corre- 
sponding amino acid amides were selected as replacement agents. If 
enzyme-catalyzed transamidation should occur in a homogeneous system 
containing activated papain, carbobenzoxyglycinamide, and t-phenyl- 
alaninamide (14), the appearance of carbobenzoxyglycyl-L-phenylalanin- 
amide is to be expected. In order to determine whether this had taken 
place, the enzymatic reaction was interrupted when approximately 50 per 
cent of the substrate had been deamidated, and the incubation mixture 
was prepared for catalytic hydrogenolysis, as described in the experimental 
section. The removal of the carbobenzoxy groups leads to the formation 
of glycinamide (from the unchanged substrate), of glycine (from car- 
bobenzoxyglycine formed by hydrolysis), and of glycyl-t-phenylalanina- 


mide (from the product of transamidation). In addition, any unchanged | 
L-phenylalaninamide will also be present in the final mixture. The ninhy- 
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drin-reactive components of this mixture were identified by means of one- 
dimensional paper chromatography, with n-butanol-acetic acid-water (3: 
1:1) as the solvent. Examination of the solution obtained in the experi- 
ment in which t-phenylalaninamide was the replacement agent clearly 
showed the presence, in the chromatogram, of a distinctive yellow spot 
(Rr 0.57) also given by an authentic sample of glycyl-L-phenylalaninamide 
(14). Spots assigned to glycine, glycinamide, and t-phenylalaninamide 
also were observed. Parallel examination of the rates of migration of au- 
thentic samples of glycine, glycinamide, L-phenylalaninamide, L-phen- 
ylalanine, and glycyl-t-phenylalanine gave R, values of 0.25 (purple spot), 
0.23 (elongated yellow-purple spot), 0.63 (purple spot), 0.66 (purple spot), 
and 0.64 (purple spot) respectively. Control experiments in which enzyme, 
activator, substrate, or replacement agent had been omitted from the in- 
cubation mixture led to the identification of the expected components, but 
failed to show any trace of the spot assigned to glycyl-t-phenylalaninamide. 
The identification of this spot was made more certain by means of a large 
scale chromatogram (15), from which the portion of the filter paper con- 
taining the component of Ry 0.57 was cut out and eluted with water. Acid 
hydrolysis of the eluate led to the formation of glycine and phenylalanine, 
which were identified by paper chromatography (two spots of Rr 0.24 and 
0.66), and to the disappearance of the peptide component. No other nin- 
hydrin-reactive components were found in the acid hydrolysate. 

It may be concluded, therefore, that the expected papain-catalyzed 
transamidation reaction leading to the formation of carbobenzoxyglycyl- 
L-phenylalaninamide had occurred under the conditions of the above exper- 
iment. The possibility that this product might have been formed in a re- 
action between carbobenzoxyglycine (formed by hydrolysis) and i-phen- 
ylalaninamide was excluded by means of separate experiments in which 
these two substances were incubated with cysteine-activated papain; here, 
no spot attributable to glycyl-L-phenylalaninamide could be demonstrated. 

With p-phenylalaninamide as a possible replacement agent, carbobenz- 
oxyglycinamide as the substrate,.and cysteine-papain as the enzyme, the 
results were qualitatively similar to those described above, although the 
extent of transamidation, as judged by the intensity of the spot of Rr 0.57, 
appeared to be less than in the experiment with the L isomer. This find- 
ing suggests that the stereochemical specificity of papain with respect to 
the configuration of the replacement agent is not as discriminating as that 
found previously (2) with regard to the configuration of the substrate. It 
must be added, however, that after the addition of a pD-amino acid amide 
to the peptide chain the terminal amide linkage is resistant to the action 
of the proteinase (16). Thus, if p-amino acids and their derivatives should 
be available for intracellular transamidation reactions leading to the for- 
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mation of peptide chains, the stereochemical specificity of proteinases such spo 
as papain may be expected to prevent the addition of more than one such tior 
p-amino acid residue. The apparent lack of specificity of a proteinase (R; 
with regard to the configuration of the replacement agent would be can- the: 
celed by the extreme specificity of the same, or another, proteinase in con- mat 
tinuing the elongation of the peptide chain. It may be expected, how- 
ever, that this would not apply to the situation in which the replacement 
agent is a peptide which contains, in addition to a D-amino acid resi- 
due, suitably located L-amino acid residues. These considerations are be- 
ing subjected to experimental test in studies of the coupled action of two | /r 

intracellular proteinases in effecting the successive addition of two differ- | 0.4¢ 
ent amino acid or peptide units to a peptide chain. drol 

Earlier views concerning the mechanism whereby proteinases such as | ¢lon 
papain activate the carbonyl group of a sensitive peptide bond (1) are in | Dy : 
accord with the finding that p-phenylalaninamide can act as a replacement Ir 
agent. In general, it would appear that the nucleophilic attack of replace- | lyst 
ment agents (or of water) to cause transamidation (or hydrolysis) does not | Wit 
involve a specific combination of the enzyme protein with these agents. of t 
Rather, the relative extent to which the activated carbonyl group (in the | °bs¢ 
substrate-enzyme complex) will be attacked by various replacement agents | four 
will depend primarily on their electron-donating capacity and their effec- | “ph 
tive concentration. It must be added, however, that proteolytic enzymes | ¢luti 
other than those examined thus far may be found to be specific with re- | pher 
gard to the configuration of the replacement agent. In such cases, the en- | the 
zymatic activation, in transamidation reactions, of the a-amino groups of then 
terminal amino acid residues is a possibility. and 

In further studies of transamidation reactions catalyzed by cysteine- | ‘P&C 
activated papain at pH 7.5, L-tyrosinamide (17) served as a replacement | "&W 
agent in reaction (F). By means of the procedure described above, a new | Men! 
ninhydrin-reactive component was demonstrated in the incubation mixture, | SUbs 
This component gives a yellow spot (Rr 0.44) and, in this respect, it is iden- | °XY~ 
tical with an authentic sample of glycyl-t-tyrosinamide (14). A large scale | ¢tal 
chromatogram was prepared as before, and the component of Ry 0.44 was 
eluted and hydrolyzed. Chromatographic examination of the hydrolysate 
showed the presence of glycine (Rr 0.24) and of tyrosine (Rr 0.47). L- 
Tyrosinamide gives a purple spot of Rr 0.51; this substance, like t-phen- 
ylalaninamide, is not hydrolyzed to an appreciable extent under the con- | 
ditions of these enzyme experiments. 

It was of especial interest to find evidence for the occurrence of a trans- 
amidation reaction (G) in which a-L-glutamyl-L-tyrosine (18) was the re- 
placement agent and carbobenzoxyglycinamide was the substrate. The 
dipeptide, which is resistant to hydrolysis by papain at pH 7.5, gives a 


Carl 


C,H; 
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spot having an Ry of 0.55. Chromatographic examination of the incuba- 
tion mixture, following hydrogenolysis, showed the presence of a new spot 
(Rp 0.45), identical in position and appearance with that given by an au- 
thentic sample of glycyl-a-L-glutamyl-L-tyrosine (19). A large scale chro- 
matogram permitted the elution and acid hydrolysis of the component of 


Carbobenzoxyglycinamide + .i-glutamyl-L-tyrosine = 
carbobenzoxyglycyl-t-glutamyl-L-tyrosine + ammonia 
(G) 


Ry 0.45. Glycine (Rr 0.26), giutamic acid (Rr 0.33), and tyrosine (Rr 
0.48) were found to be the only uinaydrin-reactive constituents of the hy- 
drolysate. It may be concluded, therefore, that papain had catalyzed an 
elongation of the substrate, with the replacement of the amide NH» group 
by a dipeptide. 

In other experiments in which cysteine-activated papain was the cata- 
lyst, carbobenzoxy-L-isoglutamine (20) was employed as the substrate. 
With L- or p-phenylalaninamide as the replacement agent, and treatment 
of the incubation mixture as described above, a new spot (Rr 0.60) was 
observed in paper chromatograms; this spot had the same position as that 
found upon parallel examination of an authentic sample of a-L-glutamyl- 


_ t-phenylalaninamide. Also, acid hydrolysis of this component, after its 


elution from a large scale chromatogram, gave glutamic acid (Rr 0.32) and 
phenylalanine (Ry 0.64) as the sole ninhydrin-reactive products. Under 
the conditions of these chromatographic studies, the Rp values of au- 
thentic samples of L-glutamic acid, L-isoglutamine (20), L-phenylalanine, 
and L-phenylalaninamide were found to be 0.31, 0.34, 0.68, and 0.66 re- 
spectively. As in the experiments with carbobenzoxyglycinamide, the 
new component was not formed when the enzyme, substrate, or replace- 
ment agent had been omitted from the incubation mixture, or when the 
substrate was replaced by the corresponding acylamino acid (carbobenz- 
oxy-L-glutamic acid). These results indicate, therefore, that papain had 
catalyzed a replacement reaction (H) leading to the formation of carbo- 


CH:COOH 
CH, CH2CeH; 
Cs;H; CHz.OCO—NHCHCO—NH: + NH:CHCO—NH, = 
CH.COOH 
CH: CH:C.H; 


C.H;CH,2.0CO—NHCHCO—NHCHCO—NH;: + NH; 
(H) 
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benzoxy-a-L-glutamyl]-L-phenylalaninamide when L-phenylalaninamide was 
the replacement agent, and of carbobenzoxy-a-L-glutamyl-p-phenylala- 
ninamide when p-phenylalaninamide was employed. 

The fact that cysteine is not an obligatory activator of papain in the 
catalysis of replacement reactions by this proteinase was noted previously 
(2), since activation by cyanide also led to the formation of hydroxamic 
acids, according to reaction (E). If, in place of cysteine, cyanide is em- 
ployed as the activator in the experiment with carbobenzoxyglycinamide 
as the substrate and L-phenylalaninamide as the replacement agent, the 
characteristic spots of glycine (Rr 0.24), glycinamide (R, 0.22), L-phen- 
ylalaninamide (Rr 0.64), and glycyl-t-phenylalaninamide (Ry 0.56) are 
observed, as before. The last named component did not appear in control 
experiments in which enzyme, activator, substrate, or replacement agent 
had been omitted. With carbobenzoxy-L-isoglutamine as the substrate, 
cyanide-activated papain as the enzyme, and L-phenylalaninamide as the 
replacement agent, the chromatograms showed only the spots attributable 
to glutamic acid (Rr 0.30), isoglutamine (R, 0.35), phenylalaninamide (Ry 
0.65), and a-glutamylphenylalaninamide (Ry 0.59). The component of 
Ry 0.59 was not found when the enzyme, activator, substrate, or replace- 
ment agent had been omitted from the incubation mixture. 

These results indicate, therefore, that cysteine may be replaced by other 
activators of papain in experiments designed to study the elongation of 
peptide chains by enzyme-catalyzed transpeptidation. The use of cyanide 
as an activator appears to offer advantages in the chromatographic ex- 


amination of the ninhydrin-reactive components of test solutions, since it | 


obviates the possibility that cysteine, like other amino acids or amino acid 


derivatives, may appear in the final chromatograms or even serve as a re- | 


placement agent. Although no definite evidence for transamidation in- 


volving cysteine was obtained in the studies described in this communica- 


tion, the possible occurrence of such reactions in future experiments cannot 
be excluded. 


Preliminary experiments! have shown that highly purified cathepsin C, | 


when activated by cysteine, catalyzes the transamidation reaction (I) at 


pH 7. This conclusion is based on the appearance of a distinctive ninhy- | 


drin-reactive component which, upon acid hydrolysis, yields products hav- 


ing the same Ry values as those of authentic samples of glycine, phenyl- [ 


alanine, and arginine. 


Glycyl-t-phenylalaninamide + t-argininamide = 
glycyl-L-phenylalanyl-L-argininamide + ammonia 
(I) 


1 Jones, M. E., Fried, M., and Fruton, J. S., unpublished experiments. 
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The results obtained with papain and cathepsin, described above, are 
entirely qualitative in nature and do not permit one to make an accurate 
estimate of the extent of transamidation. Experiments are now in progress 
to apply the elegant chromatographic techniques of Stein and Moore (21) 
to the determination of the relative concentrations of the components pres- 
ent in incubation mixtures after enzyme-catalyzed transamidation. 


EXPERIMENTAL 


Formation of Benzoyl-L-tyrosylglycinamide (BTGA) from Benzoyl-u-tyro- 
sinamide (BTA) by Chymotrypsin—71 mg. of BTA (0.25 mmo) were dis- 
solved in 3 ce. of methanol, and 56 mg. of isotopic glycinamide hydrochlo- 
ride (0.5 mm; 33.6 atom per cent excess N™ in glycine N) were added. 
After the introduction of 0.25 cc. of nN NaOH, 1 cc. of 0.5 m phosphate (pH 
8), and 1 ce. of a chymotrypsin solution (Armour preparation; 0.6 mg. of 
protein N), the mixture was adjusted to 10 cc. with water, and incubated 
at 25° for 2 hours. Aliquots were withdrawn at the start and the end of 
the reaction for the determination of the extent of ammonia liberation, 
which was found to be 0.01 mm per ce. of the reaction mixture (40 per 
cent deamidation). The remainder of the incubation mixture (9.6 cc.) 
was poured into 100 ce. of absolute alcohol which contained 220.4 mg. of 
non-isotopic benzoyl-L-tyrosylglycinamide (0.647 mm). The mixture was 
chilled for 2 hours, filtered with the aid of analytical Filter-Cel, and the 
filtrate was concentrated to a syrup under reduced pressure. The residue 
was taken up in 5 ec. of hot water, and the resulting solution was clarified 
by filtration and chilled overnight. The crystals which separated were 
filtered and recrystallized from 6 cc. of 20 per cent ethanol in the presence 
of 110 mg. of non-isotopic glycinamide hydrochloride. The product was 
recrystallized twice more from 6 cc. portions of 20 per cent ethanol. Yield, 
116 mg.; m.p., 215-216°. The product contained 12.30 per cent nitrogen 
(theory for BTGA, nitrogen 12.34 per cent); the isotope concentration was 
0.230 atom per cent excess N'. A further recrystallization from 20 per 
cent ethanol gave a sample which contained 12.38 per cent nitrogen and 
had an isotope concentration of 0.232 atom per cent excess N!® (0.696 atom 
per cent excess N!> in glycine N). Since the BTGA formed by transamida- 
tion should have an isotope concentration of 11.2 atom per cent excess 
N**, it follows that 0.0137 mm of isotopic BTGA was present in the incuba- 
tion mixture when the enzyme-catalyzed reaction was interrupted. A con- 
trol experiment, in which no enzyme was present, conducted in the manner 
described above gave a sample of BTGA which had an isotope concentra- 
tion of 0.004 atom per cent excess N!; in this experiment, no ammonia 
liberation was noted after the 2 hour incubation period. 

Another control experiment, in which chymotrypsin was present, but in 
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which the BTA was replaced by 0.25 mm of benzoyl-L-tyrosine, gave a d 


sample of BTGA (12.40 per cent nitrogen) which had an isotope concentra- hr 
tion of 0.044 atom per cent excess N'. An additional recrystallization oi 
gave a product which contained 12.38 per cent nitrogen and had an isotope al 
concentration of 0.045 atom per cent excess N'®. Since 0.647 mm of non- ‘a 


isotopic BTGA had been added as carrier, it follows that 0.0026 mm of 6 
isotopic BTGA had been present in the test solution. 


Transamidation Experiments with Papain—In all experiments, the con- ru 
centration of substrate and of replacement agent was 0.05 m, and the con- fo 
centration of papain (22) was 0.13 mg. of protein N per cc. of test solution. 

The total volume of the test solution was 2.5 cc.; 0.75 ec. of methanol was a 
present. The pH was 7.4 to 7.8 (0.05 m phosphate buffer) and the tem- hy 
perature was 38°. When cysteine was the enzyme activator, its concentra- os 
tion was 0.01 m; the concentration of cyanide was 0.025 m. ” 

The rate of enzyme action was followed by measurement of the ammonia 
liberation in Conway vessels (2); 0.1 cc. aliquots of the incubation mixture of 
were used for this purpose. With carbobenzoxyglycinamide as the sub- ne 
strate, 50 per cent deamidation was attained after 12 hours; the incubation in 
period required for 50 per cent deamidation of carbobenzoxy-.L-isoglu- gra 
tamine was 6 hours. The presence of the replacement agent in the test ide 
solution did not alter markedly the rate of deamidation. pe 

At the close of the appropriate incubation period, 2 cc. of the test solu- ger 
tion were poured into 50 cc. of absolute alcohol. This mixture was chilled o 
overnight, filtered with the aid of analytical Filter-Cel, and the filtrate ds 
was concentrated to dryness under reduced pressure at a bath temperature hye 
below 40°. In the experiments in which cyanide was the enzyme activator, le 
3 cc. of glacial acetic acid were added to the alcohol solution to facilitate ing 
the removal of HCN during the distillation. The residue was extracted dive 
with several portions of hot methanol. The methanol extract (approxi- chen 
mately 10 cc.) was filtered to remove insoluble matter (inorganic salts, C 


cystine, etc.), 2 drops of glacial acetic acid were added, and the solution eas 
was subjected to catalytic hydrogenolysis with palladium black in the | i+) 
usual manner. The last operation required about 2 hours. After re- f 44); 
moval of the catalyst by filtration, the methanol solution was concentrated 
to dryness under reduced pressure, and the residue was dissolved in 2 ce. 
of 75 per cent ethanol. Aliquots of this solution were applied to strips of | 


Whatman No. 1 filter paper and subjected to one-dimensional ascending a- 
chromatography; the solvent mixture contained, per 100 cc., 60 cc. of n- | benz 
butanol, 20 cc. of glacial acetic acid, and 20 cc. of water. After the sol- | Sua 


vent front had advanced approximately 25 cm. within 20 hours, the paper 
strips were removed, and the ninhydrin-reactive components were made 
visible by spraying the dried paper with a solution of 0.1 per cent ninhy- D- 
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drin in n-butanol, followed by heat treatment at 110° for 3 to 5 minutes. 
In all experiments, aliquots of 0.01 m solutions of the authentic comparison 
substances were chromatographed in parallel, to facilitate identification 
of the components of the test solution. The Ry values cited in this com- 
munication refer to the position of the center of each of the spots relative 
to the distance traveled by the solvent. Although the Ry values for a 
given substance varied by as much as 0.04 in separate chromatographic 
runs, the relative positions of two substances on the same paper strip were 
found to be the same within +0.01. 

In all control experiments, the procedure was similar to that described 
above; when the substrate had been omitted, the period of treatment with 
hydrogen in the presence of palladium black was 1 hour. When the sub- 
strate was replaced by the corresponding carbobenzoxyamino acid, the 
concentration of the latter was 0.05 m. 

For the identification of the amino acid residues present in the products 
of transpeptidation, approximately 1.5 cc. of the 75 per cent ethanol solu- 
tion obtained after hydrogenolysis were applied to a sheet of Whatman No. 
1 paper in the manner described by Yanofsky et al. (15). After chromato- 
graphic development, the position of the product of transpeptidation was 
identified on a small strip cut from the larger sheet, and the band of paper 
corresponding to this position was macerated with water in a Potter homo- 
genizer. The aqueous extract was filtered and concentrated to about 5 
ce. under reduced pressure. Sulfuric acid was added (final concentration 
of acid, 10 N), and the mixture was heated under a reflux for 12 hours. The 
hydrolysate was neutralized with barium hydroxide, filtered, and the bar- 
ium sulfate was washed with hot water. The combined filtrate and wash- 
ings were concentrated to dryness under reduced pressure, the residue was 
dissolved in 75 per cent ethanol, and the solution was examined by paper 
chromatography. 

Carbobenzoxyglycinamide—This was prepared by the reaction of carbo- 
benzoxyglycinazide (from 12 gm.-of carbobenzoxyglycinhydrazide (23)) 
with anhydrous ammonia in ethyl acetate. Yield, 8 gm. After recrys- 
tallization from hot water, the substance melted at 138-139°. 


C1o0H1203N2 (208.2). Calculated, N 13.5; found, N 13.6 


a-L-Glutamyl-L-phenylalaninamide—0.25 gm. of the corresponding carbo- 


benzoxy compound (24) was subjected to catalytic hydrogenolysis in the 
usual manner. Yield, 0.15 gm.; m.p., 185-186°. 


Ci4Hi9O4.N3 (293.3). Calculated, N 14.3; found, N 14.1 


p-Phenylalaninamide Acetate—This compound was prepared from p-phen- 
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ylalanine ([o] = +34.8°, 2 per cent in water) in the manner described 4. 
for the L form (14). . 
CiuHisO3Ne2 (224.2). Calculated, N 12.5; found, N 12.4 
The authors are indebted to Miss Mary J. Mycek for invaluable assist- 9 
ance, and to Dr. Henry D. Hoberman and Mr. Joseph Doolittle for their 10. 
generous cooperation in the conduct of the isotope experiments. il. 
12. 
SUMMARY 13. 
Crystalline chymotrypsin catalyzes a transamidation reaction in which i 
the amide NH: group of benzoyl-u-tyrosinamide (BTA) is replaced by | 45. 
isotopic glycinamide, to form benzoyl-L-tyrosylglycinamide (BTGA) la- [ 16. 
beled with N' in the glycine N. Under similar experimental conditions, 
the enzyme also catalyzes the condensation of benzoyl-L-tyrosine and gly- | 7. 
cinamide to a measurable extent, thus permitting an estimate of the equi- via 
librium constant in this peptide synthesis. The extent of formation of 19. 
BTGA from BTA and glycinamide is considerably greater than from ben- 20. 
zoyl-L-tyrosine and glycinamide. 21. 
Papain, when activated by cysteine or cyanide, catalyzes transamida- | ‘~ 
tion reactions in which the amide NH, group of a suitable carbobenzoxy- 93. 


amino acid amide is replaced by an amino acid amide or by a peptide. At | 94. 
pH 7.4 to 7.8, carbobenzoxyglycinamide gives rise to carbobenzoxyglycyl- 
L-phenylalaninamide, carbobenzoxyglycyl-L-tyrosinamide, or carbobenz- 
oxyglycyl-a-L-glutamyl-L-tyrosine in the presence of t-phenylalaninamide, 
L-tyrosinamide, or a-L-glutamyl-L-tyrosine respectively. Under the same 
conditions, carbobenzoxy-L-isoglutamine and L-phenylalaninamide interact 
to form carbobenzoxy-a-L-glutamyl-L-phenylalaninamide. p-Phenylala- 
ninamide also can serve as a replacement agent in transamidation reactions 
of the type mentioned above. The appearance of the products of trans- 
amidation has been demonstrated by catalytic hydrogenolysis of the carbo- 
benzoxy compounds present in the incubation mixture, followed by chroma- 
tographic examination of the ninhydrin-reactive components. 

The experiments described in this communication indicate that pro- 
teinases such as chymotrypsin and papain can catalyze transamidation 
reactions in which peptide chains are lengthened. The possible significance 
of these findings for the biosynthesis of the peptide bonds of proteins and 
of naturally occurring peptides is discussed. 
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THE ISOELECTRIC POINTS OF SOME STRAINS OF TOBACCO 
MOSAIC VIRUS 
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The detailed amino acid analysis of several strains of tobacco mosaic 
virus carried out by Knight (1) has revealed interesting chemical simi- 
larities and differences among these strains, although they are morpho- 
logically very similar (2). In the present work the isoelectric points of 
the strains which Knight has analyzed were determined by a method de- 
veloped by the author (3). The virus strains show maximum coagulation 
at the isoelectric point and this may be observed by light scattering. 
Since these virus strains are closely related substances, the present work 
also provides a comparative study of the amphoteric properties of a series 
of related proteins. 


Methods and Results 


Preparation of Virus Strains—The virus strains used in this work are 
identical with those studied by Knight (1). The viruses were purified 
by the differential centrifugation method of Stanley (4) and were resus- 
pended twice in distilled water before use. 

Turbidity-pH Studies—To 3 cc. of aqueous solutions of the ordinary 
strain of tobacco mosaic virus (4.0 mg. of virus per cc.) were added 3 cc. 
of 0.04 m solutions of Sgrensen’s citrate-HCl buffers of various pH values. 
The pH of the final solution was measured with a glass electrode in a Beck- 
man pH meter. Fig. 1 shows the relative turbidity, measured in a Klett- 
Summerson colorimeter with a blue filter, as a function of pH. For com- 
parison, the relative turbidity of the PR8 strain of influenza virus as a 
function of pH is also shown. The latter virus was purified by the method 
described by Knight (5). For the ordinary strain of tobacco mosaic virus, 
the maximum turbidity occurs at pH 3.5 + 0.1 and, for the influenza 
virus, the maximum occurs at pH 5.0 + 0.1. An experiment similar to 
that performed for the ordinary strain of tobacco mosaic virus was run 
with the Holmes rib-grass strain and the maximum was found to occur 
at pH 4.0 + 0.1. 

The isoelectric points of these viruses at the same buffer concentration 


* Present address, Institut de Biologie Physico-Chimique, 13 rue Pierre Curie, 
Paris (V), France. 
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were also determined by microelectrophoresis with the Kunitz-Northrop 
apparatus. In all these cases the virus, when adsorbed on collodion par- 
ticles, gave isoelectric points in agreement with those found by the tur- 
bidimetric method. r 

The turbidimetric method described above is not sufficiently sensitive 
for distinguishing between the isoelectric points of some of the strains of 
tobacco mosaic virus. Furthermore, the method gives isoelectric points 
which are strongly dependent on the nature and concentration of the salts 
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Fig. 1. The relative turbidities as a function of pH (buffered) of solutions of the 
ordinary strain of tobacco mosaic virus (@, virus concentration 2.0 mg. per cc.) 
and of the PR8 strain of influenza virus (O, virus concentration 0.005 mg. per cc.). 
Turbidity read in Klett-Summerson colorimeter. 


present. A superior method, which, in addition, requires a much smaller 
sample, is the following. To a salt-free solution of the purified virus is 
added dilute HCl, and the pH at which the turbidity shows the greatest 
rate of change with increment of acid, 7.e. the point of discontinuity in the 
curve, is taken as the isoelectric point. Fig. 2 shows a typical turbidity 
curve. To 5 cc. of.a 0.3 per cent solution of purified virus in distilled 
water were added small increments of 0.0015 m HCl, and turbidity and 
pH measurements were made after the addition of acid. The turbidity 
readings rise rapidly just before the isoelectric point and then flatten out 
just after it. The point of the break in the curve corresponds to the iso- 
electric point, since the precipitate at this point when adsorbed on collodion 
failed to move in the Kunitz-Northrop electrophoresis apparatus. If, 
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however, a trace of acid or alkali was added to the solution, the particles 
moved rapidly. It is not feasible to measure the isoelectric points of 
proteins in salt-free solutions by electrophoresis methods since, because 
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Co. 0.0015 M HC1 
Fic. 2. The relative turbidity of the ordinary strain of tobacco mosaic virus as a 
function of volume of 0.0015 m HCl added to 5.0 cc. of a salt-free solution of the 
virus at 3.0 mg. per ce. of virus. Turbidity read in Klett-Summerson colorimeter. 





TABLE I 
Isoelectric Points in Water of Some Strains of Tobacco Mosaic Virus 











pH 
Ordinary tobacco MOSAIC VITUB: «5s cecwdscsaveneses 3.91 
HOMER’ THASKOC BURRIS co sccccaw ber cau ciclecnus sae oR 3.91 
SUADT BUPAIG. ohh cl cee ore ta oe ba had Been Oe tele eames 4.22 
Holmes’ rib-grass strain.............. Teale vnae eae 4.49 
Green: aticba Beane. Pho ee eo Rede 4.50 
Yellow “ SO piarice Mast ast Ma Fa ccwe Opa Pannen d Shc eee eae 4.64 
Cucdinber Vitiiere: os. See Siew fee eh oe eee 4.90 





of the low electric conductivity and, therefore, the high voltage gradient, 
the particles move too rapidly and the point of zero mobility is easily over- 
stepped. 

Table I gives the isoelectric points in water of seven strains of tobacco 
mosaic virus determined by the turbidimetric method. The values are 
easily reproducible and the accuracy is limited only by the accuracy of 
the standard buffers used to calibrate the pH meter. It was found that 
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mixtures of purified virus strains gave turbidity curves which resemble au 
those constructed by superposing the curves for the individual strains. ag 
The PR8 strain of influenza virus gave an isoelectric point in water of pH str 
5.88. . 
The isoelectric points of the viruses as determined by the turbidity an 
method are about 0.5 pH unit higher in water than in the presence of buf- be 
fers. Neutral salts also lower the isoelectric point; for example, it was tab 
found that the isoelectric point of the ordinary strain is pH 3.6 in the gre 
presence of 0.5m NaCl. The salt renders the turbidity curve less distinct; cre 
the virus at the isoelectric point is more soluble in salt solutions than in hos 
salt-free water. (th 
at 

DISCUSSION ts 

The strains of tobacco mosaic virus have minimum solubility at their iso¢ 
isoelectric points, and, if no salt is present, the viruses are insoluble at oce 
their isoelectric points. This property may be used to purify the virus hos 


and, in fact, was one of the methods employed by Stanley (6) when he hov 
first purified the ordinary strain. Since all of the strains examined have 
distinct isoelectric points, it is possible to separate two or more strains, if 


their isoelectric points differ, by differential precipitation. In this way, T 
purified virus from a plant suffering from yellow aucuba, but contaminated wer 
with the ordinary strain, may be separated into two virus components. T 
It was found, however, that the two strains could not be separated com- ami 


pletely by differential precipitation, and the method is therefore useful beti 
only for concentrating the strains. For a complete separation of virus thei 
strains the isolation of single lesions as employed by Kunkel (7) is neces- 
sary. 


The increase in turbidity of solutions of tobacco mosaic virus at the | !- K 
pH of minimum solubility is due to the increase in light scattering by the 2. K 
large aggregates of the rod-shaped particles packed side to side (8). Some : 7 
viruses, for example tomato bushy stunt virus, do not coagulate at their | 5, x 
isoelectric points. Apparently, in these cases, the hydration of the particles | 6. St 
is so great that the particles cannot aggregate, although they possess a -s 


zero net charge at the isoelectric point. 

A comparison of the observed isoelectric points of the virus strains with 
the results of Knight (1) of the amino acid analysis of the strains shows 
that the isoelectric points follow in the same sequence as do the ratios of 
the number of basic groups (lysine, histidine, and arginine) to the aspartic 
acid content of the strains. This relation is valid if it is assumed that the 
free charged groups are independent and that the glutamic acid residues 
are not available (e.g., are present in the form of glutamine). It should 
be further noted that the ratios are close in the case of the green and yellow 








YUM 


ble 
ns. 
pH 


lity 
yuf- 
was 
the 
act; 
1 in 


heir 
e at 
irus 
n he 
lave 
1s, if 
way, 
ated 
ents. 
com- 
seful 
virus 
eces- 


t the 
y the 
Some 
their 
ticles 
ess a 


; with 
shows 
ios of 
partic 
at the 
sidues 
should 
yellow 








G. OSTER 59 


aucubas and in the case of the ordinary strain and the masked strain, in 
agreement with similar isoelectric points observed for these two sets of 
strains. 

There is a rough correlation between the isoelectric points of the strains 
and their movement in their host plant. Thus, the various strains may 
be written in the order of decreasing speed of movement in Nicotiana 
tabacum L. var. Turkish as follows: ordinary strain, masked strain, rib- 
grass strain, green aucuba, and yellow aucuba; 7.e., in the order of in- 
creasing isoelectric points. The cucumber 4 strain does not infect this 
host. The expressed sap of the host had an average pH value of 5.70 
(the acidity is greater the older the plant and the lower the temperature 
at which it is grown). It might be expected, since the virus aggregates 
more in solution the closer it is to its isoelectric point, that the higher the 
isoelectric point of the strain in a given host, the more aggregation will 
occur and, hence, the less rapid will be the movement of the virus in its 
host. Until we know the pH of the medium in which the virus moves, 
however, nothing further can be said. 


SUMMARY 


The isoelectric points of seven strains of tobacco mosaic virus in water 
were determined by a turbidimetric method. 

There is a correlation between the isoelectric points observed and the 
amino acid content of the strains. A further rough correlation exists 
between the isoelectric points and the rate of movement of the strains in 
their host. 
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PHYSICOCHEMICAL PROPERTIES OF BACTERIOPHAGES 
II. SEDIMENTATION OF BACTERIOPHAGE T,* 


By FRANK W. PUTNAM 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, December 4, 1950) 


Previous sedimentation and diffusion studies of Escherichia coli bac- 
teriophages have revealed several phenomena engendering doubt as to 
the physical properties of these virus particles (2). (a) The tailed bac- 
teriophages T, and Ts (3-5), but not the round phage T; (6), appear to 
exist reversibly in two states with different sedimentation rates in the ana- 
lytical ultracentrifuge. (b) The diffusion constant of several of the phages, 
both tailed and spherical, is reported to vary with concentration in such 
a way that dissociation or motility of the particles must be predicated (8- 
11). (c) However, in electron micrographs only a single characteristic 
type particle of uniform dimensions is seen for each phage, with no evi- 
dence of dissociation or specific aggregation (12). Elucidation of these 
phenomena is essential to the understanding of the nature of bacterial 
viruses, important for the interpretation of isotopic experiments on virus 
reproduction with purified viruses (13-16), and of interest for a comparison 
of the validity of the direct and indirect methods for estimating the shape 
and size of particles. This and a following paper (17) present studies of 
the effects of various conditions such as pH and concentration on the sedi- 
mentation and diffusion behavior of E. coli bacteriophage Ts. Other pa- 
pers will be concerned with similar studies on E. coli bacteriophage T7. 
For this work a refractive index, optical method was employed for the first 
time with bacteriophages, thus enabling quantitative evaluation of the 
proportions of the sedimenting components in the analytical ultracen- 
trifuge and eliminating some technical errors inherent in the measurement 
of the rate of diffusion in biological assay. 

Previous communications from this laboratory have described the puri- 
fication, properties, and chemical composition of E. colt bacteriophages 
Te (5, 18). Electrophoretic analysis has demonstrated that the purified 
phage migrates as a single component throughout the pH stability range, 


* Aided by a grant of The National Foundation for Infantile Paralysis, Inc. A 
preliminary report of this work has been published (1). For the first paper in this 
series see Putnam (2). 

1 For a classification of the T series of EZ. coli bacteriophages based on serology 
and morphology and a summary of the biological and physical properties see the 
general papers by Delbriick (7) and Putnam (2). 
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precipitin tests have indicated the absence of normal bacterial antigen, 
and electron micrographs have revealed that the virus consists of charac- 
teristic tadpole-shaped particles. However, two sedimenting boundaries 
have been observed in the ultracentrifuge (2, 5, 18). A similar double 
boundary phenomenon, which was dependent upon the pH and Ca++ con- 
tent of the solution, had previously been reported by Sharp et al. (3, 4) 
for the serologically related and morphologically similar E. coli bacteri- 
ophage T». 





EXPERIMENTAL 


Materials and Methods—The culture, preparation, and method of assay 
of the EZ. coli bacteriophage T,rt+ studied in this investigation have been 
described (18). For these experiments synthetic medium bacteriophage 
prepared by the modified procedure of differential centrifugation was em- 
ployed. Analysis of sedimentation velocity was performed in the Spinco 
electrically driven, analytical ultracentrifuge.2.* Except when otherwise 
noted, measurements were made at room temperature (18-30°) at a speed 
of 12,590 r.p.m. in a rotor having a diameter of 6.5 cm. to the center of 
the cell.4 Because of the low speed employed, the rotor temperature re- 
mained constant for the duration of the experiment. Photographs were 
taken by the schlieren optical method (19) with exposures at intervals of 
2 to 16 minutes, according to the rotor speed. Infra-red photography, 
previously employed in electrophoretic analysis in order to overcome the 
opalescence of the virus (5), was not practical in this instance, and at 
higher concentrations the photographs show a light-scattering region which 
accompanies the sedimenting boundary. For better photographic repro- 
duction sedimentation diagrams are presented as negative prints in Figs. Up 
1 and 3. All sedimentation constants given are corrected to the water ; 
basis at a temperature of 20° (soo) and are expressed as Svedberg units of beta 
sedimentation, S (7.e., 10-* em. per second per unit field of force or 10-* 
second in absolute units). For most of the ultracentrifuge analyses stock ha 
solutions of the phage in unbuffered 0.9 per cent saline were diluted with lyz 
0.1 volume of 0.2 m buffer, the final pH measured with the glass electrode, of J 


and the analysis begun within 1 hour of mixing. In some instances ob- 26 
an 
2 Spinco, model E, Specialized Instruments Corporation, Belmont, California. 


3 We are indebted to Dr. E. 8. G. Barr6én, Department of Medicine, University of 7 
Chicago, for use of this ultracentrifuge. 7 

4 Most of the early measurements had to be made at 2 minute intervals at 12,590 por 
r.p.m. Dr. E.G. Pickels (private communication) has stated that even under these | At 
conditions with a properly cycling machine the error due to fluctuation in the speed per 
of the centrifuge should be entirely negligible when the results are plotted logarith- the 
mically for the whole run. In later work a low speed attachment was available en- 


abling constant speed centrifugation as low as 3150 r.p.m. oth 
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servations were made on phage simultaneously submitted to electropho- 
retic analysis in 0.1 or 0.2 m acetate, saline-veronal, or saline-cacodylate 
buffers. Electrophoretic analysis was carried out as already described (5). 


Sedimentation Velocity Analysis 


In all, some 100 ultracentrifuge analyses have been made, chiefly on 
about ten preparations having titers of 1 X 10to1l X 10" phages per ml. 
and infectivities of 10-* to 10-'*! gm. of N per plaque-forming particle. 
For brevity, only representative results are cited. 

Effect of Virus Concentration—Analyses of sedimentation velocity were 
made over an 8-fold range of virus concentration. The stock phage solu- 





Fic 1. Effect of concentration on the sedimentation of E. coli bacteriophage Ts. 
Upper diagrams, 7 x 10" phages per ml.; lower diagrams, 3.5 x 10! phages per ml. 


tion contained 7 X 10” particles per ml. at a concentration of 0.886 mg. of 
N per ml. (6.7 mg. of phage per ml.). Prior to ultracentrifugation the phage 
had been dialyzed against 0.2 m sodium acetate buffer, pH 5.50, and ana- 
lyzed electrophoretically both at the original concentration and at 0.440 mg. 
of N per ml. In each instance a single moving boundary was observed after 
260 and 520 minutes of electrophoresis, respectively (see Fig. 3 of Kozloff 
and Putnam (18)). Although the phage had a single ultracentrifugal 
component with se, = about 1100S in the concentration range 0.110 to 
0.440 mg. of N per ml., the undiluted solution contained a second com- 
ponent having a diffuse boundary with so = about 1565 S (see Fig. 1). 
At the latter concentration much of the phage sedimented during the brief 
period of acceleration. On dilution to about 3.5 X 10” particles per ml. 
the skewed boundary disappeared within the time required to set up an- 
other ultracentrifuge run (1 hour). The effect of dilution on the state of 
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aggregation of the virus is illustrated by the upper and lower sedimentation 
diagrams of Fig. 1. 

The appearance of a diffuse, skewed boundary with so greater than 
1100 S was observed several times in concentrated virus suspensions. The 
phenomenon may be due to heterogeneous aggregation or incomplete dis- 
persion, since it can be shown that at 10" phages per ml. the particles are 
spaced on the average only a few lengths apart. 

The data of Table I demonstrate that the sedimentation constant. of 
the boundary found characteristic of T. phage in this buffer depends only 
slightly on protein concentration. For this reason, and also because it 
has been reported (3, 6) that an unexpected drop in se occurs for T, and 
T; bacteriophages at concentrations below 0.125 mg. per ml., no attempt 


TABLE I 


Effect of Concentration on Sedimentation Rate of E. coli Bacteriophage T «* 


Experiment No. | Titer | Concentration YP ) 
| 1012 per mil. | mg. of N per ml. S 
1 | 7.0 | 0.886 | 1000,¢ 1565 
2 | 3.5 | 0.440 | 1095 
3 | 3.5 0.440 | 1075 
4 | 3 | 0.220 | 1130 
5 0.9 0.110 | 1125 
* Infectivity = 10-5. gm. of N per phage. All experiments performed in 0.2 


mM Na acetate buffer, pH 5.50. 
+ Comprised about 43 per cent of the total area. 


was made to correct the sedimentation constant for virus concentration 
by means of extrapolation to infinite dilution.® 

pH Stability Zone—The pH stability zone for bacteriophage Ts has al- 
ready been shown to be about pH 5.0 to 8.6 on the basis of infectivity 
measurements, light absorption, and electrophoretic homogeneity (5). In 
the ultracentrifuge the pH range of particle integrity is similar to that for 
virus infectivity. The results for two preparations are summarized in 
Fig. 2, covering the range from pH 4.9 (just above the region of acid pre- 
cipitation) to 10.5. At the latter pH the virus is almost immediately dis- 
integrated, giving rise to a diffuse component with sx, = 155 8 and a sharp 
component (probably nucleic acid) with sx. = 13 8. Changes in sedi- 
mentation behavior occur on long standing at pH 8.6, although electropho- 
retic behavior is unaltered. Below pH 4.8 the phage precipitates and 

5 This anomaly was not met in our study because the region is too dilute for ultra- 
centrifugal analysis by the refractive index method. The phenomenon is probably 
due to boundary instability at low solute concentrations because it is also given by 
spherical monodisperse polystyrene latex particles (20). 
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loses activity. In the stability region between these reactions two con- 
current rates of sedimentation have been observed, the one corresponding 
tO S99 = about 1050 8, the other to sx. = about 8258S. In most prepara- 
tions at pH 4.9 to 7.5 the component with the higher sedimentation con- 
stant usually either predominates or exists exclusively. The component 
corresponding to the lower sedimentation constant increases both at higher 
pH and with the age of the preparation but has only twice been observed 
as a single boundary. No sharp line of demarcation of time or pH for the 


appearance of the slow component has yet been recorded. The phenom- 
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pH 
Fic, 2. Effect of pH on the sedimentation rate of EF. coli bacteriophage T;. The 


symbols represent two different preparations. O and O, faster component; @ and 
B, slower component when present at the indicated pH. 


enon is reversible, and a single sharp boundary with sx. = 1050S may be 
restored within | hour by adjustment to pH 5.0. 

Before separate studies of the effects of pH and aging were made, con- 
flicting results were obtained. Some preparations appeared monodisperse 
in unbuffered physiological saline cr at neutral reaction; others sedimented 
with two boundaries of varying proportions and diffuseness. However, 
when a series of determinations was made on the same day or on consecu- 
tive days, it was possible to distinguish the effects of aging and pH. 

As shown in Fig. 2, the average sedimentation constant for the faster 
boundary was about 1050S and that for the slow form was about 825 S. 
The scatter of the values is probably due to the short period of sedimen- 
tation, the apparent asymmetry of the boundary resulting from light scat- 
tering by the virus, and the diffuseness of the slow boundary. The ratio 
of the sedimentation rates of the two boundaries, indicated by the paired 
points in Fig. 2, varied from 1.24 to 1.34. 
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Sedimentation diagrams showing the effect of pH on the apparent homo- 
geneity of bacteriophage T, are presented in Fig. 3. The photographs 
are for a preparation of phage studied in the ultracentrifuge immediately 
after the second cycle of differential centrifugation. All four runs were 
completed on the same day. The diagrams are representative of the dis- 
tribution of components found with various preparations, but the actual 
distribution was found to depend on the age of the preparation as well as 
on pH. Table II lists the conditions of the experiment and gives the sedi- 


ee 





Fic. 3. Effect of pH on the sedimentation diagrams of E. coli bacteriophage Ts. 
Reading from top to bottom the patterns refer to Experiments 1 to 4 of Table II. 


mentation constants and the relative proportions of the two components. 
It is to be noted that a single boundary is shown in Fig. 1 for virus dis- 
persed in 0.2 M Na acetate buffer, pH 5.5, but two boundaries in Fig. 3 for 
virus in 0.02 m Na acetate-0.13 mM NaCl buffer of the same pH. In the 
course of diffusion studies (17) at pH 4.9 in these buffers differences in 
sedimentation behavior were also found which were attributed to aggrega- 
tion of the phage. 

The change in sedimentation diagrams with pH was not related to virus 
activity. In the experiment illustrated in Fig. 3 phage titers were taken 
at regular intervals on aliquots at each pH studied, thirteen assays being 
made on each sample. No regular variation of titer was found with time 
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‘ or with pH. The assays were made on the buffered sample but only after 
i. 10° dilution with sterile broth. 

4 Kinetics of Aggregation—An attempt was made to study the kinetics of 
. the aggregation process with the ultracentrifuge. A preparation con- 
4 ie taining 3.7 X 10” phages per ml. was analyzed ultracentrifugally at 252, 
a 341, and 1726 minutes after addition of buffer to give a final pH of 8.25, 
nt with a composition of 0.12 m NaCl-0.02 m Na veronal. The slow com- 


ponent increased progressively with time, but the boundaries were diffuse 
and poorly resolved, thus preventing a kinetic analysis. Nor was it prac- 
tical to use the ultracentrifuge to study the reversal of the phenomenon 
by adjustment to pH 5. Restoration of a single boundary with s. = 
about 1050 S was rapid, but a trace of slow component usually remained. 























TaBLe II 
Effect of pH on Sedimentation of E. coli Bacteriophage T's 
y 520 Relative area 
=. pH Buffer composition 
Fast Slow Fast Slow 

eee Ss Ss 

1 4.9 0.15 m NaCl-0.02 m NaAc 1035 100 

2. 5.5 Om “ QueZe ~« 1040 830 40 60 

3 6.6 Ojo * (975) 790 15 85 

4 | 8.6 Ola -* O:02ar Nav 775 100 











The parentheses indicate a value which is approximate because of poor resolu- 
tion. 


Ac = acetate, V = veronal. For the sedimentation diagrams see Fig. 3. 


Ionic Environment—The development of the slow component on aging 
was studied in the saline stock solution or in a saline-veronal buffer and 
yin. was thus independent of the ionic environment. The variation of the 
Il. sedimentation diagram with pH was of necessity observed in a series of 
» overlapping buffers of constant ionic strength rather than in a single buffer. 


ents. ‘ Fresh preparations of the virus were monodisperse in acetate and caco- 
} dis- dylate buffers, and almost so in phosphate buffers of pH 7.5, but exhibited 
3 for about equal proportions of the two components in veronal buffer. A small 
‘ the difference in acetate versus acetate-saline buffers has already been noted. 
es in Unlike the case with T, bacteriophage, the transition for T, did not occur 
rega- at a fixed pH, nor did it appear related to buffer composition. 

It has previously been reported for T, bacteriophage (4) that the addi- 
virus tion of 0.023 m CaCl, or of Ringer’s solution resulted in no change at pH 
taken 4.6 but effected a reversible transition at pH 6 to 7 from a single boundary 
being with 82.9 = about 700 S to a single boundary with se = about 10308. The 
_ time 


addition of 0.02 m CaCl, or 0.02 m MgCl, at pH 6.7 had no effect on the 
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sedimentation behavior of Ts bacteriophage. Further studies on the effect 
of Ca** ion on the sedimentation diagrams of T, bacteriophage have not 
been made, since the fast component was predominant in most of our 
analyses. 

Test for Oriented Sedimentation—With proteins of ordinary molecular 
weight, Brownian motion is so strong that asymmetric molecules are not 
preferentially oriented by the centrifugal field of the ultracentrifuge. In- 
deed, according to Pickels (21), no experimental evidence has yet been 
presented for preferential orientation during sedimentation. However, be- 
cause of the peculiar morphology and large size of Ts bacteriophage, it was 
thought desirable to test for orientation by centrifugation at different 
speeds. Since the sedimentation constant is the velocity per unit force 
field, it should be independent of the speed of rotation. 

Two preparations were studied with the low speed control to obtain 
speeds of rotation from 3150 to 16,200 r.p.m. corresponding to centrifugal 
fields of 715 to 18,900 X g at the center of the cell. These conditions 
cover the entire practical working range for Ts bacteriophage. The first 
preparation studied contained 2.3 X 10" phage per ml. in 0.14 m NaCl- 
0.02 m Na acetate buffer, pH 4.95. It sedimented with a single, sharp, 
exceedingly symmetrical boundary at all speeds (e.g., see Fig. 1 of Putnam 
(2)). 89 varied over the range from 1010 S to 1062 S but was 1010 S at 
the lowest speed and 1017 S at the highest. The results plotted in Fig. 4 
show that s2 is independent of centrifugal force, indicating the absence of 
orientation. While the spread in seo (5 per cent) is somewhat greater than 
the estimated experimental error for a single preparation studied under 
identical conditions (about 2 per cent), no consistent drift was found. 
Another preparation which was essentially homogeneous at pH 4.95 to 
5.5 but gave two boundaries at more alkaline reaction was examined at a 
concentration of 3.7 X 10” phages per ml. in unbuffered 0.15 m NaCl, 
pH 6.85, and in a 0.14 m NaCl-0.02 m Na veronal buffer, pH 8.25. The 
results, also plotted in Fig. 4, demonstrate that the sedimentation con- 
stant of both the fast and the slow boundary is independent of rotor speed. 
At pH 6.85 829 for the fast component changed only from 1056 S to 1069 
S in the range tested, but s29 for the slow component was more variable. 
The latter result is presumably due to the greater diffuseness of the slow 
boundary and the consequently greater uncertainty in measurement of 
its position. It is noteworthy that in the latter experiments there was no 
perceptible difference in the distribution of the slow and fast components 
with varying rotor speed. 

Molecular Homogeneity of Bacteriophage T;—The molecular homogeneity 
of a sedimenting substance can be determined by comparison between 
theoretical diffusion curves and the experimentally obtained sedimentation 
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ct diagram (22). This rigorous criterion of purity has been applied to only 
Lot a few substances, such as several of the plant viruses (23, 24) and botu- 
yur linal toxin (25). Although preparations of T, bacteriophage varied in 

ultracentrifugal boundary spreading, many exhibited an extraordinarily 
lar high degree of homogeneity as indicated qualitatively by the sharpness 
not of the sedimenting boundary. Because of the light-scattering effect the 

In- best diagrams could not be reproduced photographically. 

een It should be feasible to use the Spinco ultracentrifuge to determine the 

be- homogeneity of a protein by comparison of the sedimentation boundary 

was with that observed separately by a diffusion study, provided the instru- 

- MEAN CENTRIFUGAL FORCE (g) 

TCE 0 NSO 4610 10400 18500 ' 

; 1400+ fi 
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gal te l200r = 
ions 5, we oe {} —O——t 5 j 
first z en g 
aCl- 2 800r ™ 4 r 3 4 
faa 5 600+ 4 
S at = goo} Pitti 4 
4 ad H 6.85 
od E ” 200+ a pH 8.25 ‘ 
me 024 6810181416 1820 
inder SPEED OF ROTATION (R.RM. IN THOUSANDS) 
und. Fie. 4. Effect of centrifugal field on the sedimentation constant of E. coli bacte- 
5 to riophage Ts. The symbols refer to measurements at different pH, as indicated on 
ata the figure. Shilling marks on the paired points denote the sedimentation constant 
JaCl, of the slower component when present. 

The | ment is free of mechanical and photographic imperfections. Accordingly, 
con- | experiments to verify the stability of the centrifuge were undertaken. 
peed. Two types of tests for mechanical imperfections contributing to bound- 
1069 | ary spreading were made: the first to ascertain the existence of a critical 
iable. | period of vibration of the ultracentrifuge rotor, and the second to deter- 
> Slow } mine the effect of external vibration or jar on the ultracentrifugal dia- 
nt of grams. In a test for a critical period of vibration a single preparation 
vas nO F at the same concentration in the same buffer (and thus yielding the same 
ments } area under the refractive index gradient curve at constant distance from 

the center of the rotor) was analyzed within a period of a few days over 
eneity | the centrifugal speed range of 3150 to 16,200 r.p.m. When the height 
tween | of the maximum ordinate of the bacteriophage peak was plotted against 
tation | the distance from the meniscus (identical for the five cases), no significant 
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differences were found at the different rotor velocities. This result sug- 
gested the absence of a critical period of rotor vibration. However, in 
some later experiments at 3150 r.p.m. it was observed that the visual image 
of the boundary vibrated (“twinned’’) and that the photographs of the 
boundary and of the reference indices were blurred in some of the diagrams 
of a series but not in others. This behavior could result from external 
jar or vibration, which might lead to serious effects at low speeds but 
would be overcome at higher speeds by the gyroscopic stability of the 
rotor. The experiments in which “twinning” of the boundary was ob- 
served were conducted with a worn drive and when a pile driver was op- 
erating in the vicinity. A subsequent test with a new drive failed to re- 
veal any effect of external vibration or jar on the ultracentrifuge patterns. 
In this test the sedimentation of a bacteriophage preparation giving a 
single boundary at pH 4.9 was examined at successive velocities from 3150 
to 12,685 r.p.m. in the course of a single experiment. In alternate photo- 
graphs at each velocity the floor was jarred or the heavy cabinet cover of 
the ultracentrifuge was slammed repeatedly. No effect of vibration was 
indicated in the photographs or in the slope of the plot used for calculating 
S20. 

The great stability of the rotor even at low speeds justified comparison 
between the theoretical diffusion curves and the actual sedimentation dia- 
grams similar to that applied by other authors using the Lamm scale 
method (22-25). For this work the ultracentrifuge diagrams for a prep- 
aration® of bacteriophage T, were enlarged photographically and traced 
at an absolute magnification of 14.5. The band corresponding to the gra- 
dient curve was bisected by averaging the ordinates of the upper and lower 
images to construct a mean curve. A series of such curves is illustrated 
in Fig. 5. The areas of the curves were measured planimetrically, cor- 
rection being made for the sectorial shape of the cell. The area was 90 
per cent of the value expected from calculation of the apparatus constants, 
assuming the usual refractive increment for proteins (not measured be- 
cause of the opalescence). Using the separately determined diffusion con- 
stant of 0.4 X 10-7 sq. em. sec.—! (17), the sedimentation constant of 1050 
S, and the mean area of the refractive index gradient curves (corrected for 
sector effect), we calculated theoretical sedimentation curves, as shown 
in Fig. 5. The excellent coincidence of the theoretical and experimental 
curves is unequivocal evidence for the high degree of molecular homo- 
geneity of bacteriophage Ts. The agreement is the more surprising be- 
cause of the inherent optical errors of the schlieren system in depicting 
very sharp concentration gradients and because of photographic imper- 
fections due to light scattering by the virus particles. From these results 


6 Bacteriophage T, labeled with C'*-purine of Experiment II of Kozloff et al. (26). 
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it can be estimated that the standard deviation of the particle diameter 
is no greater than 1 to 2 per cent from the mean diameter, and it is con- 
cluded that the tadpole-shaped particles of T, bacteriophage are as homo- 
geneous with respect to size, shape, and density as any virus or protein 
yet studied. Analyses of bacteriophage size distribution from electron 
micrographs have not yet been published, but, except for the presence of 
damaged particles (perhaps an artifact of specimen preparation), each 
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Fie. 5. Comparison of theoretical diffusion curves and actual sedimentation dia- 
grams for E. colt bacteriophage Ts at pH 4.9. The solid line curves represent the 
mean ordinate of the schlieren curve (corrected for camera magnification) and the 
circles denote the theoretical boundary diagram calculated from the diffusion con- 
stant. The position of the meniscus is given by the vertical arrow. Curves are 


given for 5280, 7200, and 10,080 seconds after the beginning of acceleration to 3150 
r.p.m. 


strain of the “T” series of coliphages appears to consist of characteristic 


uniform particles, a result in agreement with ultracentrifugal evidence 
on Jira 


DISCUSSION 


The molecular, kinetic properties of E. coli bacteriophage Ts are in good 
agreement with the electron micrograph and biological characteristics of 
this virus. Preliminary estimates of the particle weight and equivalent 
spherical diameter of this phage have already been published and the as- 
sumptions and manner of calculation have been discussed (2). The esti- 
mates of the size of Ts bacteriophage obtained from the direct and indirect 
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physical methods and from biological activity are as follows: equivalent 
spherical diameter, 55 to 60 my from 829 (according to whether the fast or 
slow boundary is selected), 102 mp from Dz» (diffusion constant), and 98 
muy from unit infectivity; apparent size of the head from electron micro- 
graphs, 60 X 80 my in unshadowed preparations and 80 X 100 my if mnetal 
shadowing is employed; tail, 100 X 20 my (4, 12). 

Although special tests to prove the identity of the infectious agent and 
the sedimenting and diffusing particle were not undertaken in this work,’ 
the evidence is impressive that bacteriophage activity is identified with 
and indissociable from the characteristic tadpole-shaped particles of T, 
observed in the electron microscope, and that a single particle is capable 
of initiating infection. Anderson (12) has already summarized the argu- 
ments favoring this conclusion that are derived from electron microscope 
study of adsorption and liberation of the characteristic particles by host 
bacteria. All the indirect physical and biological methods used in this 
work support this conclusion which has been established directly only for 
the bacterial viruses. In addition, it has been shown that a single phage 
particle may produce a plaque (28), and Luria and Williams,’ using the 
particle dilution technique, have found approximate quantitative agree- 
ment between the plaque count titer and the number of particles visible 
in the electron microscope. (For example, the number of particles of T, 
exceeded the number of infective centers by only 30 per cent.) These re- 
sults are not in accord with the hypothesis that bacteriophages dissociate 
into smaller active particles. The discrepancy between biological and 
physical data may be accounted for by the presence of inactive particles. 
Good correlation between bacterial killing titer and plaque count titer in 
our ultracentrifugally homogeneous preparation indicates that inactive 
phage may be physically intact but unadsorbable and thus non-lethal to 
the organism.°® 

The dual sedimentation behavior of T, bacteriophage is similar in many 
respects to that previously reported for T; (3,4) but differs in that a sudden 
transition from a single boundary with higher sedimentation rate to a 
single boundary with the lower sedimentation rate was not observed at 
any pH. In confirmation of Kerby et al. (6) we have found no evidence 
of a change in 8 for the spherical bacteriophage T; within the pH stability 
range. The phenomenon thus seems to be characteristic of the tailed 


7 Singer and Siegel (27) in a recent study of the limitations of the ultracentrifuge 
separation cell technique found that only 1 to 6 per cent of the bacteriophage activ- 
ity remained in the upper compartment of the cell after the two characteristic bound- 
aries of Tz bacteriophage (700 S and 1000 S) had been allowed to sediment past the 
porous plate partition. 

8 Personal communication quoted from Delbriick (29). 

® Kozloff, L. M., unpublished experiments. 

10 Putnam, F. W., unpublished observations. 
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bacteriophages and therefore related to their morphology. The effect is 
not attributed to such usual types of ultracentrifugal anomalies as con- 
vection, flotation, or retardation by a more rapidly sedimenting component 
or viscous impurity. The temperature rise was negligible, the phenom- 
enon was dependent on pH and not on the density of the medium, and the 
absence of impurities was demonstrated electrophoretically, as well as by 
ultracentrifugal analysis over the practical velocity range (3150 to 59,720 
r.p.m.). 

The most probable explanation of the dual sedimentation phenomenon 
of the tailed bacteriophages T, and Ts is that it results from a reversible 
aggregation of several particles. With the larger viruses aggregation is a 
common phenomenon (21). Indeed, Sharp et al. (3, 4) have already in- 
voked such an explanation but suggested that the more rapidly sediment- 
_ ing component represented the virus dispersed as unit particles and that 
the slower component resulted from a state of heterogeneous aggregation. 
This hypothesis, based on study of the rate of fall of oriented Lucite models 
is incompatible with calculations of the frictional ratios of the fast and 
slow components (2). Moreover, a specific test, described herein, has 
demonstrated the absence of orientation. Calculations of the frictional ra- 
tio of the virus with sz and Dey at pH 5 (at which the phage is essentially 
homogeneous in the ultracentrifuge and in electrophoresis) indicate that a 
change in mass must accompany the transition from sx = 1050 S to so 
= 825 S, rather than just an alteration in shape or hydration. The cal- 
culations further indicate that the more rapidly sedimenting component 
(8% = 1050 8) is probably a dimeric form resulting from end to end aggre- 
gation of the monomer (se = 825 8S). The conclusion is in agreement 
with the observation that even more rapidly sedimenting, diffuse bound- 
aries are obtained at high virus concentrations at pH 4.9. 


The author wishes to thank Dr. Lloyd M. Kozloff for supplying some of 
the bacteriophage preparations and to acknowledge the assistance of Dr. 
Eugene Goldwasser in electrophoretic analysis and of Mrs. Louise Mac- 
kenzie and Dean Miller in preparation and assay of the bacteriophage. 


SUMMARY 


The ultracentrifugal sedimentation of purified Escherichia coli bacterio- 
phage Ts has been investigated as a function of pH, ionic environment, 
age, and concentration of the virus. The pH range of particle integrity 
is the same as that for infectivity, about pH 4.9 to 8.6. However, this 
tailed bacteriophage exhibits a dual sedimentation phenomenon. At acid 
pH it sediments as a single sharp boundary with a sedimentation constant 
(%) of about 1050 Svedberg units, but at neutral or alkaline reaction a 
second, more slowly sedimenting boundary appears with 82. = about 825 
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Svedberg units. The sedimentation constant and relative distribution of 


the components are independent of the centrifugal field, indicating the) PF 

absence of particle orientation. The sedimentation behavior is attributed| 
to aggregation of the virus particles. 

The molecular, kinetic constants of the bacteriophage are compatible 

with the size range of the particles established by electron microscopd (Fro 
measurements and indicated by unit infectivity. The available evidence 
suggests that a single bacteriophage particle is capable of initiating in- 

fection of a host cell. The virus particles are strictly homogeneous in size} [py 

shape, and density. assay 
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atible By EUGENE GOLDWASSER}{ anp FRANK W. PUTNAM 
scope, (From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
idence 
ng in 
n size} Investigation of the rate of diffusion of bacteriophages with biological 
assay has led to much confusion (3). Kalmanson and Bronfenbrenner 
(4), using the porous disk method, first reported that particles of Escher- 
ichia coli bacteriophage T, (then called PC) varied in size over the range 
1 mu to 10 my and that particles with molecular weights below 100,000 
1. Bi had virus activity. However, in a reinvestigation of the diffusion rate of 
. Bial : ; 
T, phage, using the same method, Hershey, Kimura, and Bronfenbrenner 
J. Biol\(5) withdrew this claim and attributed their results to methodological 
errors such as circulation of the fluid through the pores of the disk and 
other anomalies. Polson (6) recently measured the diffusion constants of 
T; and T, bacteriophages, using his multichambered analytical method 
with biological assay. In a preliminary article (6) he reported that these 
phages diffused normally at rates commensurate with electron micrograph 
iol. ani leterminations of their particle size and concluded that the tail of T, bac- 
reriophage does not contribute to its motion. However, in later work at 
lower phage concentrations, Polson and Shepard (7) observed that the 
liffusion constants of these coliphages appeared to depend strongly on 
honcentration and suggested that “the phage particles possess an inde- 
»endent specific motility in addition to the normal diffusion.” Using the 
porous disk method in a study of the diffusion of a staphylococcus bacteri- 
pphage, Northrop (8) had earlier found that the diffusion constant of that 
phage appeared to change with concentration and had concluded that the 
jirus existed in solution as particles’ of varying size over the range of 10 
mu to 100 mu. 
In view of the unsatisfactory state of knowledge of the diffusion con- 
tants of bacteriophages, as measured by biological methods, an investi- 
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gation of the rate of diffusion of EZ. coli bacteriophage Ts was undertaken 
in conjunction with ultracentrifugal and electrophoretic criteria of purity. 


EXPERIMENTAL 


Materials and Methods—The preparations of synthetic medium E. coli 


bacteriophage T's used included several described in the preceding paper, | 


which reported on the molecular homogeneity and dual sedimentation 
behavior of this virus (2). However, the diffusion constant was deter- 
mined only at a pH at which the phage sedimented with a single sharp 
boundary with sx = about 1050 Svedberg units (S). All preparations 
studied were examined in the ultracentrifuge and several were also sub- 


mitted to electrophoretic analysis. With an exception noted later, the | 


preparations were essentially homogeneous by these methods under the 
conditions of study. The infectivities were the same as the maximum 
values we have previously reported (9, 10). The lack of ultracentrifugally 
homogeneous preparations with s2. = about 825 S precluded diffusion 
measurements on this form of the phage, which may represent the unit 
particle (2). 

Diffusion measurements were made at 2° by the method of Longsworth 


(11) in a dual electrophoresis and diffusion apparatus designed to mini- ; 


mize vibration.! Because of the opalescence of the virus the interference 
method (12, 13) was unsuitable, and photographs of the boundary were 
taken by the schlieren scanning method with an infra-red light source and 
filter (etched 400W projection bulb and Wratten filter No. 89A). Dif- 
fusion was allowed to proceed for periods up to 1,200,000 seconds. Virus 
removed from the diffusion cell had a high infectivity and sedimented with 
a single boundary in the ultracentrifuge. 

Procedure—The sources of error in the diffusion measurements are listed 
as follows: (1) the inherent error of the schlieren method, which may be 


taken as approximately 5 per cent (12, 13), (2) the uncertainty of the zero 
time, (3) the difficulty in ascertaining the height of the maximum ordinate fF 


and accurately measuring the area under the refractive index curve be- 
cause of the light-scattering properties of this virus. 
The first error can be minimized by many measurements on each of sev- 


eral different experiments. In each experiment up to ten values of the} 
diffusion constant were obtained for each limb of the U-tube. The second ; 
error, discussed by Longsworth (12), is due to the shearing action of the [ 
cell during formation of the boundary and to disturbances incident to mov- | 


ing it into the optical path. As suggested (12), the boundaries were moved 
into position at the lowest possible rate, 2.5 cm. per hour in the first two 


1 Manufactured by Frank Pearson Associates, Flushing, New York. 
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zero time was found by plotting the reciprocal of the square of the height 
of the maximum ordinate (H,,) against time, obtaining the best straight 
line by the method of least squares, and extrapolating to H, = infinity 
(14). The value so found was added to the measured elapsed time and 
the sum used for calculation of the diffusion constant. The correction was 
variable and even negligible in some instances. Since measurements were 
made up to 1 million seconds, the correction does not seriously affect the 
results. 

The third error, that due to the unequal exposure on the two sides of 
the boundary as the result of the opalescence of the virus, was partially 
overcome by the use of infra-red light. None the less, the exposure was 
not uniform, and the boundaries consequently appeared slightly asym- 
metric in the early stages of diffusion. In Experiment 3 (Table II), in 
which the highest concentration of phage was employed, the protein side 
of the boundary was initially obscured, and measurements were made 
from one-half of the boundary, a practice satisfactory only in the absence 
of particle interaction (15). In some experiments a mean area was used 
in the calculation of the diffusion constant (D) for each limb of the cell. 

The equation used for calculation of the diffusion constant is given by 
Lamm (16). 


(1) D = A*/4rtHn?g? 


where A represents the area of the refractive index gradient curve, ¢ the 
time, and g the magnification from cell to tracing. 


Resulis 


The details of a typical experiment are given in Table I; a summary of 
the results is contained in Table II. It should be emphasized that each 
value given in Table II is the mean of about ten determinations made at 
various times for each limb of the U-tube, with none excluded except for 
the early stages of diffusion when the boundary was yet too sharp for ac- 
curate measurement. 

With the exception of the diffusion constant found in Experiment 3 
(Table IL), all the values are within the range 0.34 to 0.47 X 1077 sq. cm. 
sec... With the uncertainties already considered, it is probable that these 
values fall within the experimental error of the method when applied to 
bacteriophage Ts. Thus, it appears that within the narrow range of pH 
examined and over a 6-fold concentration range there is no significant 
drift in D. 

The significantly lower D obtained in Experiment 3 is explained by other 
observations at this pH and concentration. It was noticed that a sus- 
pension of phage with a titer of 1 X 10" particles per ml. in 0.2 m acetate 
buffer, pH 4.95, settled visibly on standing in the ice box. The measure- 
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Diffusion Constant of E. coli Bacteriophage T's in Na Acetate-NaCl Buffer, pH 5.22, 
Tonic Strength 0.15* 








Ascending limb 


Descending limb 








Timet Hu Dx Timet Hu Du 
sec. cm. X 107 sq. cm. sec sec. cm. X 107 sq. om. sec 

236, 100 2.141 0.47 66 , 420 4.318 0.39 
282,000 1.932 0.48 108 ,900 3.261 0.42 
322,980 1.830 0.47 161,580 2.839 0.38 
367 , 560 1.739 0.45 196,080 2.480 0.41 
409 , 740 1.727 0.41 235,920 2.287 0.40 
443 ,820 1.628 0.43 282,180 2.066 0.41 
484 , 380 1.506 0.46 322,800 1.924 0.41 
540 , 660 1.435 0.45 367 , 740 1.826 0.40 
619 ,680 1.360 0.41 409 , 560 1.628 0.45 
693 ,780 1.297 0.43 444 ,000 1.573 0.45 
794,880 1.183 0.45 484 ,320 1.471 0.47 
869,520 1.155 0.43 540,720 1.412 0.46 
957 , 120 1.049 0.48 619 , 560 1.313 0.46 
1,043 , 280 0.994 0.49 693 , 900 1.222 0.47 
1,129,980 0.986 0.46 795,060 1.183 0.44 
1,213,560 0.966 0.44 869,700 1.183 0.45 
957 , 180 1.124 0.43 
1,048 ,340 1.049 0.43 
1,129,920 0.974 0.46 
1,213,680 0.970 0.43 




















Average value, 0.43 + 0.01 X 1077 sq. cm. sec.“!. 
* Temperature, 1°; titer, 3.4 X 10!* phages per ml.; mean area, ascending limb, 
0.577 sq. em., descending limb, 0.572 sq. em. 
+ Contains the zero time correction described in the text. 


TaB.eE II 


Diffusion Constant of E. coli Bacteriophage T's 














Experiment No. pH Tonic strength Titer Dx* mt 
1 5.50 0.20 3.5 X 10” 0.34f 
2 5.50 0.20 3.2 X 10% 0.47 +0.02 
3 4.95 0.15 4.2 X 10” 0.22 +0.01 
4 4.95 0.15 12. x 10> 0.42 +0.01 
5 4.95 0.15 0-6: x< 10" 0.36 +0.01 
6 5.22 0.15 3.2 X 10% 0.43 +0.01 














* D is given X 107 sq. cm. sec.~! corrected to the water basis at 20°. 


m= 


standard deviation of the mean. 


t Obtained by extrapolation to infinite time because of the drift of D with time. 
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ment of D was then attempted in the same buffer with a suspension which 
had a titer of 4 X 10" phages per ml. After 2 days in the vibration-free 
8 diffusion cell, definite sedimentation of an opalescent boundary was ob- 
served, some of the phage remaining at the initial position. Examination 
of the original suspension in the ultracentrifuge revealed a diffuse boundary 
— | with a skewed forward edge and a mean sedimentation constant of 1260 
wer S. When the same preparation of phage was dialyzed against a buffer 
of the same pH, but containing 0.14 _m NaCl and 0.02 m Na acetate, no 
settling occurred in the diffusion cell, and a single symmetrical bound- 
ary of normal sedimentation constant was observed in the ultracentrifuge. 
Yet, the diffusion constant was about one-half that found in other experi- 
ments and dilutions of the same phage solution had diffusion constants of 
0.42 and0.36 X 10-7 sq. cm. sec.—! (Experiments4 and 5, Table II). These 
facts suggest that aggregation of the phage takes place at high concen- 
trations and low pH and is favored by high molarity of acetate and pos- 
sibly by low temperature. This explanation is in accord with the previous 
report (9) that acid precipitation of the phage is initiated at about pH 
4.6 and by evidence in the previous paper (2) that much of the phage is 
aggregated at concentrations of about 7 X 10” particles per ml. For this 
reason Experiment 3 was interpreted to indicate an effect of aggregation 
on the rate of diffusion of the bacteriophage. 

Although the reported effect of concentration on the rate of diffusion of 
bacteriophage was an incentive to this work, the properties of the virus 
precluded study at higher concentrations than about 3.5 X 10” particles 
per ml., and the requirements of the optical method held the investigation 
to a lower limit of about 0.6 X 10” particles per ml. (0.04 gm. per cent). 
However, it was possible in every case to test whether diffusion was normal 
according to equation (1). A plot of H,, against t~* should give a straight 
line intercepting the origin, since at infinite time the concentration would 
| be essentially uniform throughout the cell and H,, would be zero. This 
__— |, relationship was found to hold for all the experiments described (see Fig. 
t 2 of Putnam (8)). 
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“i DISCUSSION 

‘Ol Of all the molecular, kinetic methods, measurement of the diffusion con- 
.01 stant has proved to be the least reliable for estimating the size of virus 
).O1 particles (17). The confusion resulting from diffusion measurements of 


Le the coliphages by the use of non-optical methods has already been de- 


scribed. The sources of error of the non-optical methods derive chiefly 
from the instability of boundaries formed between solvents and extremely 


h time. | dilute phage solutions, which leads to convective streaming and fictitiously 
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high values of the diffusion constant at low solute concentrations. A 
similar phenomenon was encountered in the ultracentrifugal analysis of 
bacteriophages. An apparent dependence of the sedimentation constant 
on concentration of E. coli bacteriophages T; and T; met only at high di- 


lutions (18, 19) has been shown to be shared by inert spherical particles | 


of polystyrene latex (20). The phenomenon has been attributed to con- 
vective streaming, and a similar explanation probably holds for the con- 
centration dependence of Dx for T; and T, bacteriophages reported by 
Polson and Shepard (7). Indeed, convective transport of 2 to 5 per cent 
of the phage to the upper compartment of the cell, as observed by Singer 
and Siegel (21) in ultracentrifugation, would be sufficient to account for 
the reported increase in diffusion constant with dilution. Unfortunately, 


the insensitivity of the optical method and the properties of T. bacteri- | 


ophage precluded study of the concentration dependence of Deo for this 
virus over more than a 6-fold concentration range. 


The low value of the diffusion constant for E. colt bacteriophage Ts, as 


well as the good agreement among the dimensions calculated from diffusion, 
sedimentation, infectivity, and electron microscope data (3), appears to 


exclude motility for this tailed bacteriophage. This conclusion is in accord | 


with the finding that this virus obeys the laws of normal diffusion and with 
the cumulative negative evidence for the absence of respiration or enzy- 
matic activity in the bacteriophages. The close coincidence of sedimenta- 
tion diagrams obtained experimentally with theoretical boundary-spread- 
ing curves, calculated from the diffusion constant reported in this paper, 
is excellent evidence for the molecular homogeneity of bacteriophage T;, 
(2) and argues against the existence of active particles of varying size. 
Previously, it has been emphasized (9) that the large size of the bac- 
teriophages may lead to interaction or aggregation at low solute concen- 
trations. It is obvious that the distance of closest approach of particles 
is approximately equal to the inverse cube root of the number of particles 
per unit volume. It can readily be calculated that at 8 X 10” particles 
per ml. (the highest concentration of Ts bacteriophage studied in the ultra- 
centrifuge in this investigation) the distance of closest approach of the 
particles is approximately 500 my, or somewhat more than twice the 


longest dimension. Under these circumstances particle interaction may | 


be pronounced and the interpretation of molecular kinetic phenomena 
may become obscure. While such interaction may induce the aggregation 
observed in the ultracentrifuge at concentrations of phage greater than 
about 4 X 10” particles per ml., and may underlie the unusual electropho- 
retic behavior of these viruses (9), it cannot be invoked to explain the 
concentration dependence of the diffusion constant reported by some av- 
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thors (7, 8), for the latter effect was not observed at 10® to 10” viruses 
per ml. when the particles are at least 50 lengths apart. 


The authors wish to thank Dr. Lloyd M. Kozloff for supplying some of 
the bacteriophage preparations and to acknowledge the technical assistance 
of Mrs. Louise Mackenzie and Dean Miller. 


SUMMARY 


The diffusion constant of purified Escherichia coli bacteriophage Ts has 
been measured by the refractive index method and found to be about 0.40 
X 10-7 sq. em. sec. at 20°. This value is compatible with determina- 
tions of particle size by direct and indirect physical methods and from bi- 
ological activity. In contrast to reports based on measurements of the 
diffusion constant of bacteriophages by biological methods, no evidence 
was found for motility, heterogeneity, or dissociation of the virus particles. 


BIBLIOGRAPHY 


. Putnam, F. W., and Goldwasser, E., Federation Proc., 9, 216 (1950). 

. Putnam, F. W., J. Biol. Chem., 190, 61 (1951). 

. Putnam, F. W., Science, 111, 481 (1950). 

. Kalmanson, G., and Bronfenbrenner, J., J. Gen. Physiol., 23, 203 (1939). 

. Hershey, A. D., Kimura, F., and Bronfenbrenner, J., Proc. Soc. Exp. Biol. and 

Med., 64, 7 (1947). 

. Polson, A., Proc. Soc. Exp. Biol. and Med., 67, 294 (1948). 

. Polson, A., and Shepard, C. C., Biochim. et biophys. acta, 3, 137 (1949). 

8. Northrop, J. H., J. Gen. Physiol., 21, 335 (1938). 

. Putnam, F. W., Kozloff, L. M., and Neil, J. C., J. Biol. Chem., 179, 303 (1949). 

10. Kozloff, L. M., and Putnam, F. W., J. Biol. Chem., 181, 207 (1949). 

11. Longsworth, L. G., Ann. New York Acad. Sc., 41, 267 (1941). 

12. Longsworth, L. G., J. Am. Chem. Soc., 69, 2510 (1947). 

13. Kegeles, G., and Gosting, L. G., J. Am. Chem. Soc., 69, 2516 (1947). 

14. Bevilacqua, E. M., Bevilacqua, E. B., Bender, M. M., and Williams, J. W., Ann. 
New York Acad. Sc., 46, 309 (1945). 

15. Neurath, H., Chem. Rev., 30, 357 (1942). 

16. Lamm, O., Nova acta reg. soc. sc. Upsaliensis, 10, No. 6 (1937). 

17. Lauffer, M. A., Price, W. C., and Petre, A. W., Advances in Enzymol., 9, 171 (1949). 

18. Sharp, D. G., Hook, A. E., Taylor, A. R., Beard, D., and Beard, J. W., J. Biol. 
Chem., 165, 259 (1946). 

19. Kerby, G. P., Gowdy, R. A., Dillon, E. 8., Dillon, M. L., Cs&ky, T. Z., Sharp, 
D.G., and Beard, J. W., J. Immunol., 63, 93 (1949). 

20. Sharp D. G., and Beard, J. W., J. Biol. Chem., 185, 247 (1950). 

21. Singer, S. J., and Siegel, A., Science, 112, 107 (1950). 


ore w doe 


“I 








(Fr 


I 
trat 
the 
» 17a 
trat 
adr 
was 

iT 
of 1 
oth 
(AC 
adn 
scol 
con 
tion 
indi 
ster 
wha 
of vi 


SFO ET we rer 


Ir 
beer 
plac 
yell 
brev 
Foo 
days 
10 n 
give: 
the ; 
cont 

ii 


City 








‘ee 


EFFECT OF REICHSTEIN’S COMPOUND L ACETATE ON 
PLASMA, LIVER, AND KIDNEY VITAMIN A* 





By OSCAR BODANSKY anno BLANCH MARKARDT 
(From the Memorial Center for Cancer and Allied Diseases, New York, New York) 


(Received for publication, December 8, 1950) 


In the course of studies dealing with the effects of continued adminis- 
tration of a number of steroids upon various biochemical components of 
the blood and tissues in rats, we observed incidentally that 38-acetoxy- 
17a-hydroxyallopregnan-20-one led to a marked decrease in the concen- 
tration of vitamin A in the plasma. This steroid was isolated from the 
adrenal gland by Reichstein (1) and by Wintersteiner and Pfiffner (2), and 
was designated by the former as Compound L. 

The possibility that steroid hormones may influence the titamin status 
of the organism has received little investigative attention. Sayers and 
others (3, 4) have studied the effect of adrenocorticotropic hormone 
(ACTH) on adrenal ascorbic acid and Kendail (5) has observed that the 
administration of adrenocortical extract prolongs the survival time of 
scorbutic animals. Danish and Klopp (6) have recently shown that the 
concentration of vitamin A in the plasma rises, following the administra- 
| tion of testosterone in man. In view of our observation and of these 
indications that there may exist an interrelationship between vitamin and 
steroid hormone actions, it was considered of value to examine in some- 
what greater detail the influence of Compound L on the vitamin A status 
of weanling and adult rats. 


REE 


EXPERIMENTAL 


In Experiment 1, male 4 month-old Sprague-Dawley rats, which had 
been raised on Purina laboratory chow and weighed 250 to 300 gm., were 
placed on the following diet (designated as Diet A subsequently): Quaker 
yellow corn-meal 3800 gm., gluten flour 100 gm., Fleischmann’s irradiated 
brewers’ yeast 10 gm., sodium chloride 50 gm., calcium carbonate 150 gm. 
Food and water were allowed ad libitum. After a preliminary period of 10 
days on this diet, a group of ten rats received subcutaneous injections of 
10 mg. of Compound L three times daily for 10 days. The last dose was 
given between 10 and 11 p.m. of the 10th day, and the rats were sacrificed 
the next morning. Feeding was permitted until the time of sacrifice. A 
control group of ten rats not receiving Compound L was treated similarly. 


*This work has been supported in part by funds contributed by the New York 
City Cancer Committee of the American Cancer Society. 


83 











84 COMPOUND L ACETATE AND VITAMIN A 


In Experiment 2, male rats of the same strain, weight, age, and history 
as in Experiment 1 were given ad libitum the high carbohydrate diet de- 
scribed by Ingle (7), with the exception that 5 instead of 10 gm. of cod 
liver oil were used per 2000 cc. of mixture. This diet is designated as Diet 


B. After a preliminary period of 10 days on this diet, a group of ten rats | 
received subcutaneous injections of 5 mg. of Compound L three times daily © 


for 9 days. Another group of seven rats received injections of 10 mg. 


three times daily for 9 days, and a third group of seven rats, receiving no | 
injections, served as controls. The daily dose of Compound L was given | 
in one injection on the morning of the 10th day, and food was withdrawn | 
from all groups 1 hour later. The animals of all three groups were sacri- 


ficed the next day, 24 to 26 hours after the withdrawal of food. 


| 





In Experiment 3, 136 Sprague-Dawley weanling male rats, weighing 


between 32 and 53 gm., were divided into twelve approximately equal 
groups so that the average weights of these groups ranged between 41 and 


45 gm. The’animals were then placed ad libitum on the U. S. P. XIII [ 


vitamin A-free test diet obtained from the Nutritional Biochemicals Cor- 


poration of Cleveland, Ohio. Six groups received, respectively, 0, 2, 10, | 


25, 50, and 100 i.u. of vitamin A daily and, in addition, a daily subcutane- 
ous injection of Compound L. The dose of this compound was graduated 


in accordance with the gain in weight, being 5 mg. per day for the first 7 [ 


days of the experiment, 7 mg. per day for the next 12 days, and 10 mg. per 
day for the remainder of the experiment. Compound L was obtained 
from the Chemical Specialties Company, Inc., New York,! in the form of 
a suspension of 100 mg. per cc. of water containing 1 per cent acacia and 
0.01 per cent sodium ethyl mercurithiosalicylate as preservative. The 
volume of injected material was 0.1 cc.; suitable dilution to this volume 
was made with a 1 per cent acacia-0.01 per cent sodium ethyl mercurithio- 
salicylate solution. The U. S. P. vitamin A reference standard, contain- 
ing 10,000 i.u. of vitamin A as the crystalline vitamin A acetate per gm. od 
cottonseed oil, was used as the source of vitamin supplement. It was 
appropriately diluted with cottonseed oil so that the daily dose was present 
in a volume of 0.1 cc., which was fed slowly to each rat from a tuberculin 
syringe fitted with a blunted needle. The six groups which received in- 
jections of Compound L and the various amounts of vitamin A will be 
referred to as Groups A0-L, A2-L, Al0-L, A25-L, A50-L, and A100-L. 
The control series of six groups was similarly fed the basal diet and 
graded amounts of vitamin A as above. In addition, each rat received, 


for control purposes, a daily subcutaneous injection of 0.1 cc. of a solutiol} 
containing 1 per cent acacia and 0.01 per cent sodium ethyl mercurithio} 


1 We are indebted to Dr. I. V. Sollins of this company for generous amounts 
Compound L. 
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salicylate. These control groups will be referred to as Groups AO, A2, 
Al0, A25, A50, and A100. 

All the animals in Experiment 3 were weighed twice weekly. Any ani- 
mals which appeared sick were isolated in individual cages and were re- 
turned to group cages if they appeared normal. Groups AQ, A0-L, A2, 
A2-L, Al0, and A10-L were given their last injections and their last doses 
of vitamin A on the morning of the 39th day of the experiment; they were 
fasted from 4 p.m. on and were sacrificed the next day. The remaining 
groups, A25, A25-L, A50, A50-L, A100, and A100-L, had the administra- 
tion of vitamin A and Compound L and their feeding discontinued on the 
40th day, and were sacrificed the following day. 

The animals in all the experiments? were anesthetized with an intra- 
peritoneal injection of about 6.5 mg. of sodium pentobarbital in a volume 
of 0.1 cc. The abdomen was opened 5 to 30 minutes later. Blood was 
removed directly by aspiration from the dorsal aorta in a dry syringe. 
Adequate volumes of plasma for vitamin A determinations were obtained 
by pooling the plasma from two to four animals within each group. The 
livers and kidneys were removed, weighed, and transferred to a deep freeze 
chest at —20° for subsequent analysis. 

The method for determination of vitamin A contents was based upon 
the antimony trichloride reaction as adapted for blood by Kimble (8), for 
liver by Lewis eé al. (9), and for kidney by Johnson and Baumann (10). 
The readings for the amounts of vitamin A in the final reaction mixture 
were obtained from a calibration curve based on the antimony trichloride 
reaction with various dilutions of the U.S. P. vitamin A reference standard 
in chloroform. This calibration curve checked, within the experimental 
error of 2 per cent, with the values obtained by using crystalline vitamin 
A alcohol (Distillation Products, Inc., Rochester, New York), for which, 
in accordance with the instructions of the U. S. P. vitamin A reference 
standard (11), a value of 3333 i.u. per mg. was used. All readings were 

made on a Coleman junior spectrophotometer. Solutions of Compound 
L in chloroform neither gave color with antenony trichloride, nor inter- 
fered with this reaction of vitamin A. 


Results 


Effect of Compound L on Level of Plasma Vitamin A in 4 Month-Old 
Rats—Table I shows that the administration of Compound L for 10 days 
ina daily dose of 15 or 30 mg. to 4 month-old rats weighing 250 to 300 gm. 


*In connection with other studies being carried out by Dr. William Money on 
thyroid function and adrenal and lymphoid tissue weights, these animals received, 
24 hours before sacrifice, an intraperitoneal injection of 1 uc. of carrier-free I"*!, an 
amount far below the amount of iodine ingested daily in the water and food. 
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resulted in a marked and significant decrease in the concentration of vita- 
min A in the plasma. Thus, in Experiment 1 with Diet A, the mean con- 
centration of plasma vitamin A in the animals given 30 mg. of Compound 
L was 35 iu. per 100 cc., as compared with 121 i.u. per 100 cc. in the con- 
trol animals. In Experiment 2, with the rats on Diet B, the daily ad- 
ministration of 15 mg. of Compound L per day resulted in a statistically © 
significant decrease of the concentration of plasma vitamin A to one-half [| ir 






















































h 
TaBLeE I ; f 
ar ‘ 0 
Effect of 10 Day Administration of Compound L to 4 Month-Old Rats upon Level of f 
Vitamin A in Plasma and Liver e 
| | Concentration of vitamin A in I 
| n, 
= Group No. of rats — bos 
Plasma* | control and Liver | control and 
Compound L Compound L 
groups groups 
105 267 | Pvaluet  |*% Pr) P value 
1. Diet A | Control | 10 121 606 aes 
30 mg. Compound L | 10 35 <0.01 280 | <0.01 
daily 
2. Diet B | Control if 64 679 
15 mg. Compound L | 9 33 <0.01 521 0.08 
daily | | 
30 mg. Compound L | 7 | 22 <0.01 571 0.3 
* Each determination represents the mean of the determinations on three to four 4 
pools of plasma. cou 
+ No attempt is made in this or subsequent tables to designate P values below | 
0.01 more precisely, even though in several instances the ¢ values ranged from 4 was 
to 11. 
ii 
the control value, and the daily administration of 30 mg. resulted in a witl 
decrease to one-third the control value. grol 


Effect of Compound L on Level of Liver Vitamin A in 4 Month-Old Rats— (9, 
The variance in the concentration of vitamin A in the liver within each 4w 
group was considerable. For example, in Experiment 1, the concentra- the 
tions in the control group ranged from 374 to 945 i.u. and averaged 606 mer 
iu. per gm., whereas in the group receiving 30 mg. of Compound L per day | thar 
the concentrations were lower, ranging from 71 to 437 i.u. and averaging | ima’ 
280 iu. per gm. The difference between the means for these two groups f expe 
was statistically significant. In Experiment 2, the mean values for the | eate 
concentrations of liver vitamin A in the animals receiving 15 or 30 mg. per | den: 
day were not significantly less than the mean value for the concentration | gain 
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ta- | of liver vitamin A in the control group. We shall later discuss the signifi- 
on- {cance of these findings concerning the concentrations of liver vitamin A. 
ind Since the level of vitamin A in the plasma appears to depend upon, 
on- among other factors, the extent of vitamin A storage in the liver, it was 
ad- hoped that a clearer idea concerning the mechanism of action of Compound 
ally L could be obtained if the effects of this Compound were studied in wean- 
nalf ling rats at varying levels of vitamin A intake. It was recognized that, at 
the same time, information might become available concerning the effect 
of Compound L on growth and on the course of development of symptoms 
aa of vitamin A deficiency. 
7 TaBLe II 
_ Influence of Compound L on Growth of Young Rats after Weaning at Varying Intakes 
acl of Vitamin A 
rence, 
1 and Mean gain in weight in 38 days of 
und L 
aS Vitamin A given daily — oer . 
for 39 days Control rats Compound L-injected rats —_ ato 
ue control and Compound 
No. in group Gain No. in group Gain L-injected rats 
OL $4. gm. gm. P value 
0 8 93* 12 95 0.8 
2 8 99* 11 103 0.7 
| 10 11 119 12 104 0.03 
).08 25 11 123 12 103 0.05 
50 11 129 10 113t 0.3 
D3 100 11 114 11 110} 0.7 
o four * These mean values do not include weights of animals which died during the 
course of experiment. 
below } These mean values do not include weights of one animal in each group which 
‘rom 4 was grossly underweight (one-half to one-third of mean weight). 


Relation of Vitamin A Intake to Growth in Control Rats and Rats Injected 
lina with Compound L—Our results on the rate of growth of the various control 
groups (Table II) agreed in general with those reported in the literature 


Rats— | (9,12). Group AO, receiving no vitamin A, gained fairly well for the first 
1 each 4 weeks but then slowed up during the last 10 days of the experiment. Of 
entra- the eleven rats in this group, three died during the course of the experi- 


od 606 ment. The rats receiving 2 i.u. per day (Group A2) gained more weight 
er day | than the rats in the preceding group, but the rate of gain was still not max- 
raging | imal. Of the twelve rats in this group, three died during the course of the 
groups | experiment and a fourth disappeared; it presumably had died and was 
for the | eaten by the others. Many of the rats in these two groups showed evi- 
ng. pet | dences of xerophthalmia towards the end of the experiment. The rates of 
tration | gain in weight among the groups receiving 10, 25, 50, and 100 i.u. per day 
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did not differ statistically from each other and were, therefore, maximal. 
The gains in weight of these various control groups during 39 days on the 
basal diet and varying intakes of vitamin A are shown in Table II. 

The rates of growth of the two groups of rats injected with Compound 
L, and receiving respectively no vitamin A or 2 i.u. per day, were slightly 
greater than those of the comparable groups of control animals, but the dif- 
ferences were not statistically significant. These two groups had a lower 
incidence of xerophthalmia*® than the comparable control groups and suf- 
fered no deaths. The rates of growth of Groups A10-L, A25-L, A50-L, 
and A100-L were less than of the comparable control groups. However, 
in only two of these groups, A10-L and A25-L, were the differences statis- 
tically significant. 

Effect of Compound L on Level of Plasma Vitamin A in Young Rats— 
Table III shows that in the control rats the concentration of vitamin A in 
the plasma was very low at the low intakes of vitamin A, and increased 
with increasing intake up to a plateau of about 90 i.u. per 100 cc. at intakes 
of 50 iu. per day or greater. These results are, in general, in agreement 
with those previously obtained by Lewis ef al. (9) in rats and similar to 
those obtained by Frey and coworkers for young Hereford steers (13). 

In the groups of rats injected with Compound L, the plasma levels of 
vitamin A were also very low at no intake of vitamin A or at a daily intake 
of 2 iu. The plasma levels rose with increasing intakes and reached a 
plateau of 37 i.u. per 100 cc. at intakes of 25 i.u. per day or greater. This 
level was much lower than that attained by the control animals. 

Effect of Compound L on Level of Liver Vitamin A in Young Rats—The 
storage capacity of the liver for vitamin A is well recognized. In the pres- 
ent study, no vitamin A was found in the livers of either the control or the 
Compound L-injected groups of rats (Groups AO, AQ-L, A2, and A2-L) 
which had received no vitamin A or 2i.u. per day. It will be recalled that 


at these intakes small amounts of vitamin A were present in the blood. | 


The observation that vitamin A may be present in the blood when it is 
absent from the liver has been previously made (9, 14). 

Although the storage of vitamin A in the liver rose precipitously in 
both the control and the Compound L-injected animals as the intake was 
increased beyond 2 i.u. per day, the mean values for the levels of vitamin 
A in the livers of the groups injected with Compound L and on intakes of 
10 and 25 i.u. per day were markedly and significantly higher than the 
corresponding values in the control groups. At an intake of 50 i.u. per 
day, the level of liver vitamin A in the Compound L-injected group was 


8 Each animal was graded from 0 to 4 to denote the degrees of redness, crusting, 
hemorrhage, and infection about the eyes, and the averages for the groups were then 
determined. 
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142 iu. per gm. and was higher than the value of 116 i.u. per gm. in the 
control group, but the difference was not statistically significant. At an 
intake of 100 i.u. per day, the mean value for the levels of vitamin A in the 
liver was essentially the same for the Compound L-injected group as for 
the control group. 


Effect of Compound L on Level of Kidney Vitamin A in Young Rats— 


TaB_e III 


Influence of Compound L on Levels of Vitamin A in Plasma, Liver, and Kidney of 
Young Rats 





| Concentration of 











| Plasma vitamin A* in Liver vitamin Af in Kidney vitamin A in 
Daily intake of 

one Sound | Signifi a sound | Signié 
o> ar Pres of Controls , ons of Controls ye ome of 
jected | difference jected | difference jected | difference 

animals animals animals 

iu. ‘. af ~. ’ P value — “o2 er! Poalue jiu. per gm. war er) P value 

0 3 0 0.6 0.0 0.0 1.2 1.4 0.5 

2 4 3 0.8 0.0 0.0 1.6 1.3 0.5 
10 72 20 <0.01 3.1 8.1] <0.01 14.4 3.3 <0.01 
25 69 37 <0.01 | 23.4) 42.6] <0.01 | 20.5 1 it | <0.01 
50 89 37 <0.01 | 116 142t 0.08 9.8 2.6 <0.01 
100 88 37 <0.01 | 298 280t 0.6 4.3 3.1 0.03 
































*Each value represents the mean of determinations on three to five pools of 
plasma. 


+ Each value represents the mean of determinations of the livers of ten to twelve 
animals, with the exception of the values for Groups AO, A2, AO-L, and A2-L, in 
each of which six livers were analyzed. Since these determinations all gave zero 


or negligible concentrations of vitamin A, it was not considered necessary to ana- 
lyze the remainder. 


{ These values are exclusive of the value for one animal, which had grown poorly 
(Table II), and the livers of which were small, but showed very high concentra- 


tions, considerably beyond the distribution of the values for the remaining members 
of each group. 


Available information indicates that this organ has very little capacity for 
storage of vitamin A and that, in the normal adult rat, it contains less 
than 1 per cent of the total vitamin A in the body, whereas the liver con- 
tains over 95 per cent (15). There appears to be no systematic study on 
the relationship between vitamin A intake and the level of vitamin A in 
the kidney, but the recent data of Eden and Moore (16) indicate that, 
paradoxically enough, the kidney level in rats is lower on a higher than on 
a moderate intake of vitamin A. 


Table III shows that the kidneys of the normal control animals contain 
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small but definite amounts of vitamin A at intakes so low that there is no 
storage of vitamin A in the liver. Secondly, with increasing intakes of 
vitamin A, the level of vitamin A in the kidney rises until it reaches a con- 
centration of 20.5 i.u. per gm. at an intake of 25i.u. per day. As the daily 
intake is increased further, the level of vitamin A in the kidney declines 
from this optimal value. The rise and decline with increasing intake of 
vitamin A do not occur in the groups of animals injected with Compound 
L. The level of vitamin A in the kidney remains constant, within bio- 
logical variation, at 1 to 3 iu. per gm. as the intake is increased from 0 to 
100 i-u. per day. 


DISCUSSION 


The attempt to explain the effects of Compound L reported in this 
paper necessitates a brief discussion of the somewhat complex relationship 
between the levels of vitamin A in the plasma and in the liver. In rats 
markedly depleted of vitamin A, the liver may become completely devoid 
of vitamin A at a stage where measurable concentrations are still present 
in the plasma (9, 14). At liver vitamin A levels ranging from several 
international units to about 100 i.u. per gm., achieved either by feeding 
adequate amounts of vitamin A to weanling rats or by sufficiently deplet- 
ing adolescent or adult rats, the plasma vitamin A level rises with increas- 
ing concentrations of vitamin A in the liver and tends to reach a plateau 
when the concentrations of vitamin A in the liver are about 50 i.u. per gm. 
(9,17). In rats about 3 to 4 months old, and at levels of liver vitamin A 
higher than about 100 iu. per gm., there appears to be, according to 
Krause (17), a paradoxically inverse relationship between the total amount 
of vitamin A in the liver and the level in the plasma. At extremely high 
and toxic intakes of vitamin A and of high storage in the liver, 10,000 to 
20,000 i.u. per gm., there seems to be an overflow of vitamin A into the 
blood and perhaps into other tissues, and the level of plasma vitamin A 
rises markedly (9, 15). 

No comprehensive explanation for these four types of relationships be- 
tween the levels of plasma and liver vitamin A appears to be available. 
At levels where vitamin A is absent from the liver but is found in the 
plasma, it may be assumed that the latter comes from other tissues. For 
higher but still moderate stores of liver vitamin A, Glover and his co- 
workers (14) have shown that the concentration of plasma vitamin A, 
which is unesterified, is directly proportional to the concentration of un- 
esterified vitamin A rather than to the concentration of total vitamin A in 
the liver. On the basis of this work and other findings in the literature 
(18, 19), Glover and Morton (20) have formulated the concept that vita- 
min A is stored at two sites in the liver, the hepatic cells and the Kupffer’s 
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no | cells; the latter cells contain no lipase and hence store the vitamin A as 
of ester, whereas the hepatic cells contain lipase and form unesterified vita- 
n- min A, which is in direct and rapid equilibrium with the unesterified 
ily plasma vitamin A. 

1es The effect of Compound L in decreasing the plasma vitamin A level and 
of 





"increasing the liver vitamin A level in rats on low or moderate intakes and 
nd | liver stores of vitamin A may be explained by the formulation that, under 
these conditions, Compound L exerts a regulatory effect on the equilib- 
)to | rium, liver vitamin A = plasma vitamin A, shifting it to the left. This 
may be accomplished either by interfering with the liberation of vitamin 
A from the liver or, in terms of the concept of Glover and Morton (20), by 
a shift in the hepatic equilibrium, unesterified vitamin A = esterified vi- 
this tamin A, to the right. 


ship The formulation which has just been given does not, however, explain 
rats the effect of Compound L in decreasing the level of plasma vitamin A at 
void the higher intakes and liver stores of vitamin A, since under these condi- 
sent tions the concentration of vitamin A in the liver is not increased. Indeed, 
eral in one of the two experiments on the 4 month-old rats (Experiment 1, 
ding Table I), the level of liver vitamin A was significantly decreased as the 
plet- result of the administration of Compound L. It is, of course, possible 
reas- that in the young growing rats only a small retention of liver vitamin A, of 
teau about the order of 5 to 20 i.u. per gm., is necessary to decrease the level of 
‘gm. vitamin A in the plasma, and that such retentions can be revealed statis- 


in A tically only at low stores of liver vitamin A but are obscured by the mag- 
ig to nitude of the biological variance at higher intakes and greater liver stores 
ount of vitamin A. This possibility would not, however, hold in our Experi- 
high §} ment 1 on 4 month-old rats. In this connection, it should be stressed 
00 to | that in rats of this age there is an inverse relationship between the levels 
o the } of plasma and liver vitamin A when that of the latter exceeds about 100 
ain A {| iu. per gm. (17). In view of a lack of an explanation for this relationship 
in normal rats, we can offer none for the action of Compound L under these 
os be- § conditions. 
lable. Our results also show that Compound L suppresses both the increase in 
in the | the level of kidney vitamin A, which occurs in the control animals as the 
For | daily intake is increased to about 25 i.u. per day, and the decline which 
lis CO F occurs at higher intakes. As has already been pointed out, Eden and 
ain A, | Moore (16) also observed that the concentration of vitamin A in the kid- 
of un- | ney of the normal rat was decreased when the intake of vitamin A was 
n Ain } increased. In view of our lack of understanding of this curious phenom- 
srature } enon occurring in normal untreated rats, no precise explanation of the 
vitae | effect in rats given Compound L can be submitted. However, the possi- 
ipffer’s } bilities exist either that Compound L alters the ability of the kidney to 
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take up vitamin A or that Compound L prevents the release of adequate 
amounts of vitamin A from the liver and so limits the supply of vitamin A 
to the kidney just as it does to the blood. 

Compound L appeared to exert a favorable influence on the physical 
condition of the groups of rats which received no intake of vitamin A or 
the low intake of 2 i.u. per day. In these two control groups there were, 


respectively, three and four deaths, whereas no deaths occurred in the | 


corresponding groups which were injected with Compound L. It is, of 


course, possible that this finding is an accidental one in that, in spite of | 


isolation of sick animals, cross-infection occurred within the control groups. 
However, the gains in weight of the Compound L-injected animals were 
as large at these low vitamin A intakes as those of the surviving 
animals in the corresponding control groups. Finally, as has already been 


noted, the degree and incidence of xerophthalmia appeared to be more | 


marked in these control groups than in the corresponding groups receiving 
Compound L. 

It is necessary to keep certain reservations in mind concerning the in- 
terpretation of the present work. The subcutaneous injection of the 
preparation of Compound L has always been accompanied by a signifi- 
cant increase in the size of the mesenteric lymph glands, practically al- 
ways by a significant increase in the size of the adrenal glands, and the 
production of hard but apparently non-inflammatory nodules at the site 
of the injections. The possibility exists that the changes in the vitamin 
A levels that we have described are not specific for Compound L but are 
associated rather with the accompanying phenomena. This possibility is 
being further explored. 


SUMMARY 


1. The subcutaneous injection of 15 or 30 mg. per day for 10 days of 
Reichstein’s Compound L to 4 month-old male rats caused a decrease in 
the level of plasma vitamin A to one-half to one-third of the normal value. 

2. The effect of Compound L upon the relationship between the levels 
of plasma, liver, and kidney vitamin A was determined in groups of wean- 
ling rats after a period of 53 weeks on vitamin A intakes ranging from 0 
to 100 iu. per day. In general, Compound L decreased the plasma and 
kidney vitamin A levels markedly, no matter how large the intake, and in- 
creased the liver vitamin A levels except at the higher intakes. 

3. The significance of these results is discussed with regard to the factor 
involved in the regulation of the tissue and plasma levels of vitamin A. 
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PYRIMIDINE NUCLEOSIDE ANTAGONISTS* 
By T. KAY FUKUHARA anv DONALD W. VISSER 


(From the Department of Biochemistry and Nuitrition, School of Medicine, and the 
Laboratories of the Allan Hancock Foundation, University of Southern 
California, Los Angeles, California) 


(Received for publication, October 25, 1950) 


Isotopic studies in which labeled thymine (1), uracil (1), cytosine (2), 
uridine (3), and cytidine (8) were administered to rats have shown that 
the nucleosides but not the pyrimidines serve as precursors of nucleic acids 
in rats. Orotic acid, which replaces uracil as the pyrimidine requirement 
in a mutant of Neurospora (4), has been shown to be incorporated into the 
pyrimidines of ribonucleic acid in the rat (5). 

The purpose of this investigation was to find specific antagonists for the 
utilization of pyrimidine nucleosides, by using as a test system the growth 
of Neurospora mutant No. 1298, which requires uracil, cytidine, or uridine 
(6). An antagonist with this specificity would -provide a tool for meta- 
bolic studies of nucleic acid synthesis and might have some therapeutic 
applications. 

Many substituted pyrimidines have been studied for antagonistic effects 
on the growth of pyrimidine- or purine-requiring bacteria (7-10), molds 
(6, 11), and Protozoa (12, 13), but comparatively little work has been re- 
ported with substituted nucleosides (11). 

Pyrimidine nucleosides in which the sugar exists in the pyranosyl form 
are inactive in promoting or inhibiting the growth of several microorgan- 
isms (11). Since the naturally occurring nucleosides are ribofuranosyl- 
pyrimidines (14), it was of interest to prepare substituted nucleosides in 
_ which the sugar retains the furanose configuration. Accordingly, deriv- 
atives of uridine in which halogen was substituted for hydrogen on carbon 


atom 5 of the uracil moiety were synthesized and tested for microbiological 
activity. 


EXPERIMENTAL 


Synthesis of 5-Chlorouridine—5 gm. of powdered uridine were suspended 
in 300 ml. of glacial acetic acid at room temperature, and a 10 per cent 
excess of dry chlorine, dissolved in cold anhydrous carbon tetrachloride 


* Supported by a grant from the Research Corporation. This material was taken 
from a thesis presented by T. Kay Fukuhara to the Graduate School, University of 


Southern California, in partial fulfilment of the requirements for the degree of Master 
of Science. Contribution No. 272 from the Department of Biochemistry and Nu- 
trition, University of Southern California. 
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(15), was added at room temperature. The uridine dissolved after 3 or 
4 hours, and the solution was allowed to stand overnight at room tempera- 
ture. The solvents were then removed by lyophilization. 

The white residue was readily soluble in alcohol and crystallized from 
hot water in fine, white needles, m.p. 170-171.2°. The analytical data 
indicate that the compound may be a diacetate of 5-chlorouridine. 


CisHi,03N2Cl. Calculated. N 7.72, Cl 9.78 
(362.73) Found. “78, “eB 


The ester was hydrolyzed with 0.5 gm. of dry HCl gas in 105 ml. of ab- 
solute methanol at room temperature for 6 hours, and the alcohol was re- 
moved at reduced pressure. The residue was dissolved in water and the 
acid solution was passed through a column of Amberlite I[RA-400 anion 
exchange resin (16). The water solution, pH 6 to 7, was lyophilized, and 
the white residue was crystallized from absolute ethanol as white needles, 
m.p. 217-217.5°. The yield was 4.6 gm. (80.6 per cent). 


CsHi06N:2Cl. Calculated. C 38.71, H 3.98, N 10.06, Cl 12.73 
(278.66) Found. SI88 01 43098,“ 101038;..°° 12763 


Synthesis of 5-Bromouridine—This compound was prepared according to 
the procedure of Levene and LaForge (17) with the following modifications, 
After the addition of bromine water to 10 gm. of uridine, the excess bro- 
mine was removed by streaming air through the solution and the solvent 
was removed by lyophilization. To the dry residue 300 ml. of absolute 
alcohol were added, and the solution was refluxed for 15 minutes over a 
hot water bath. After the alcoholic solution was concentrated to about 
50 ml., crystallization began and was continued in the cold. The crystals 
were filtered and washed with absolute alcohol. An additional 2.0 gm. 
could be recovered from the mother liquor. The total yield was 10.0 gm. 
(75.8 per cent). 

Microbiological Studies—The nucleosides were tested for growth-pro- 
moting or growth-inhibiting properties with the pyrimidine-requiring mu- 
tant strain of Neurospora No. 1298! by a modification (18) of the basal 
medium of Horowitz and Beadle (19). The mold was incubated at 25° 
for 3 days in 50 ml. Erlenmeyer flasks, each containing a total volume of 
10 ml. of liquid medium. Each flask contained a given amount of uracil, 
uridine, or cytidine as the pyrimidine requirement and varying amounts 
of chlorouridine or bromouridine. 

The effect of chlorouridine on the growth of Streptococcus faecalis was 
studied with thymine or folic acid as one of the requirements in the medium 
(20). 

1 Obtained through the courtesy of Dr. H. K. Mitchell, California Institute of 
Technology, Pasadena. 





in | 
cyt 
chl 


of ¢ 
am 


anc 
sinc 
0.2: 
celi 
in t 
cent 
give 
reve 


duci: 


T. K. FUKUHARA AND D. W. VISSER 97 


or § Results 


Inhibition and Reversals—Since molar equivalents of uridine or cytidine 
give similar growth curves (21), the maximum growth obtained with 0.6 

















‘om mg. of uridine or 0.6 mg. of cytidine per flask was chosen for testing the 
g £ 
lata | inhibitions. 
In the presence of uridine the growth of the mold may be completely 
| inhibited by chlorouridine, giving an inhibition index? of 3.05 (Fig. 1; (a) 
 ab- 
S re- 
| the 1004 ° 
nion 
_ and * 
-dles, 5 
re) 
a 
oO 
[= A) \(B) \C) (D) 
50} 
x ® 
ing to a 
tions. 
s bro- . 
olvent ° 
solute 0 : : : 
over & 0 10 20 30 40 50 60 
MILLIGRAMS OF CL-URIDINE OR BR-URIDINE 
about Fig. 1. Inhibition of the growth of Neurospora No. 1298 by 5-halogenonucleosides 
rystals in the presence of uridine or cytidine as a growth requirement. Curve A, 0.6 mg. of 
.O gm. cytidine per 10 ml. of medium with varying amounts of chlorouridine; Curve B, 0.3 
).0 gm. 


mg. of uridine and 0.3 mg. of cytidine per 10 ml. of medium with varying amounts of 
chlorouridine; Curve C, 0.6 mg. of uridine per 10 ml. of medium with varying amounts 


th-pro- of chlorouridine; Curve D, 0.6 mg. of uridine per 10 ml. of medium with varying 
P amounts of bromouridine. . 


ng mu- 

e basal and (b), Table I). This inhibition is reversible over a considerable range, 
at 25° | since constant ratios of 0.87, 1.74, 2.61, and 3.48 mg. of chlorouridine to 
lume of 


0.25, 0.50, 0.75, and 1.00 mg. of uridine gave similar submaximum my- 

f uracil, | celial growths of 9.4, 8.3, 7.3, and 8.2 mg., respectively. 

ymounts The inhibition index is lower (0.58) if cytidine is substituted for uridine 
in the medium (Fig. 1). The inhibition is reversible, since varying con- 

centrations of cytidine require a proportional amount of chlorouridine to 

medium | give the same amount of growth ((e) and (f), Table I). Chlorouridine 
reversibly inhibits the growth of the mold in the presence of a mixture of 


alis was 


stitute of * The inhibition index is defined as the molar ratio of inhibitor to metabolite pro- 


ducing half maximum growth. 
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0.3 mg. of uridine and 0.3 mg. of cytidine, and an inhibition index of 1.80 
is obtained (Fig. 1; (g), Table I). If uracil supplies the pyrimidine require- 
ment, chlorouridine does not inhibit or promote the growth of Neurospora 
No. 1298. Chlorouridine neither stimulates nor inhibits the growth of the 
wild strain of Neurospora. 

The growth in the presence of uridine is reversibly inhibited by bromo- 
uridine. The inhibition index is 4.08 (Fig. 1; (c) and (d), Table I). 

Specificity of Inhibitions—Some indications concerning the site of the 
inhibition were obtained by a study of the growth responses of the mold 
upon the addition of varying amounts of uridine to a medium containing 
both cytidine and sufficient chlorouridine to inhibit the growth completely. 








TaBLeE I 
Growth Inhibition of Neurospora No. 1298 by 5-Halogenonucleosides* 
Metabolite a Inhibitor | Me. per 10 ml — 
(a) Uridine 0.6 Chlorouridine at 3.00 
(b) ne 0.5 ee 1.80 3.09 
(c) Pe 0.6 Bromouridine 3.3 4.08 
(d) ee 0.75 “¢ 4.0 4.00 
(e) Cytidine 0.6 Chlorouridine 0.4 0.56 
(f) ae 1.49 es 1.0 0.59 
(g) Uridine 0.3 
aS a 1.25 1.80 
Cytidine 0.3 

















*Data from growth inhibition curves obtained by the addition of varying 
amounts of inhibitor to a medium containing a fixed amount of nucleoside metabo- 
lite. 

+ To reduce growth to half maximum. 

t Ratio of moles of inhibitor to moles of metabolite. 


Similarly growth curves were obtained by the addition of varying amounts 
of cytidine to a medium containing uridine and chlorouridine. The results 
are summarized in Table II and the implications of the results are given 
in the discussion. 

Other Organisms—No significant stimulation or inhibition of the growth 
of Streptococcus faecalis was observed with chlorouridine and either thy- 
mine or folic acid as a growth requirement for the organism. 


DISCUSSION 


Chlorouridine or bromouridine inhibits the growth of Neurospora No. 
1298, whether uridine or cytidine supplies the pyrimidine requirements of 
this organism. Growth is more readily inhibited when cytidine, rather 
than uridine, is present, but the inhibition may be completely reversed by 
addition of sufficient amounts of either nucleoside. 
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Pierce and Loring (22) have suggested that at least two reactions may 
be involved in the growth inhibition of Neurospora No. 1298, as produced 
by purine nucleosides or nucleotides; namely, the deamination of cytidine 
to uridine and the utilization of uridine for ribonucleic acid synthesis in 
the mold. This suggestion implies that interconversion of the pyrimidine 
nucleosides is required for growth when only one of the nucleosides 
is supplied. 


Since the growth response of the mold is the same with molar equivalents 














TaB_e II 
Independent Inhibition of Uridine and Cytidine Utilization by Chlorouridine 
Constant additions per 10 ml. medium* owen on Moles per liter chlorouridinet 
a a Inhibitor, 
Nucleoside chlorouri- Nucleoside Calculated Found 
dine 
ence ‘me. | me. omg. 
(a) Cytidine 0.3 1.25 Uridine 0.3|4.7 X 10-4] 4.5 xX 10-4 
(1.38 X 1074)§ (1.3 X 10-4)§ 
(b) Cytidine 0.3 0.6 Uridine 0.1|2.0 X 10*|2.2 x 10-4 
(1.3 X 107‘) (4.0 X 1075) 
(c) Cytidine 0.6 3.0 Uridine 0.71) 1.03 K 10-3 | 1.08 & 10-3 
(2.5 X 10) (2.9 X 10-4) 
(d) Uridine 0.6 5.0 Cytidine 4.3 | 1.77 X 107? | 1.79 X 10-3 
(2.5 X 10-4) (1.73 X 107%) 























No. 1298 occurs. 


* Nucleoside and inhibitor concentrations such that no growth of Neurospora 
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+ Mg. of nucleoside required to permit half maximum growth in the presence of 
the constant additions. 


t Calculated from the inhibition index of uridine and cytidine (Table I) as nec- 


essary to reduce growth to half maximum compared to the value experimentally 
found. 


§ Moles per liter. 


of cytidine or uridine in the absence of an inhibitor (21), and since chloro- 
uridine reversibly inhibits the growth in either case, the growth curves 
obtained in the presence of uridine, cytidine, and chlorouridine give an 
indication of the site of inhibition. These data (Table II) indicate that 
utilization of each nucleoside is inhibited independently. This is assumed 
from the observation that in the medium containing both uridine and 
cytidine the amount of chlorouridine experimentally required to inhibit 
the growth to half maximum approximately equals the sum of the amounts 
calculated as necessary from the individual concentrations of uridine and 
cytidine and the inhibition index with uridine alone and cytidine alone. 
For example, from (c) (Table II) when 2.5 X 10-* mole of cytidine and 
1.08  10-* mole of chlorouridine are present, 2.9 X 10~* mole of uridine 
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is required to stimulate to half maximum growth. The calculated amount 
of chlorouridine required is 2.5 X 10-4 X 0.58 + 2.9 X 10-* X 3.05 = 
1.03 X 10-* mole. The amount of chlorouridine calculated for several 
other concentrations of uridine and cytidine is, within the limits of error, 
the same as that experimentally required. 

Since both uridine and cytidine occur as components of nucleic acid, 
conversion of some cytidine to uridine (or vice versa) must occur at some 
stage in nucleic acid synthesis to permit growth when only one of these 
nucleosides is supplied. If interconversion of the nucleosides were a proc- 
ess being inhibited by chlorouridine, the inhibitor should be less effective 
or ineffective when a mixture of the two nucleosides is supplied. Since 
this is not the case, both cytidine and uridine appear to be utilized as such, 
and the amination or deamination required for nucleic acid synthesis must 
occur at a subsequent stage of nucleic acid synthesis. 


SUMMARY 


1. Chlorouridine or bromouridine reversibly inhibits the growth of Neu- 
rospora No. 1298 in a medium containing either uridine or cytidine as a 
growth requirement. 

2. The mole ratio of chlorouridine to metabolite giving half maximum 
growth is 0.58 and 3.05, respectively, for cytidine and uridine. 

3. Evidence is presented that chlorouridine inhibits the utilization of 
uridine and cytidine independently and that the inhibition does not in- 
volve cytidine deamination. 

4. No stimulation or inhibition of growth is produced by chlorouridine 
or chlorouracil when uracil supplies the pyrimidine requirement. The 
growth of the wild strain of Neurospora is not inhibited by chlorouridine. 

5. The growth of Streptococcus faecalis is not affected by chlorouridine 
in a medium containing either folic acid or thymine. 
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' ELECTROLYTIC DESALTING OF AMINO ACIDS. CONVERSION 
OF ARGININE TO ORNITHINE 


By WILLIAM H. STEIN anp STANFORD MOORE 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, November 27, 1950) 


In order to circumvent the difficulties occasioned by high concentra- 
tions of inorganic salts, the electrolytic desalting method of Consden, 
Gordon, and Martin (1) has been widely used to prepare samples of blood 
plasma and urine for paper chromatography (¢f. (2)). With a view to- 
wards employing the technique in quantitative work with starch col- 
umns,! the present experiments were undertaken in order to determine the 
extent to which various amino acids could be recovered after submission 
to the electrolytic desalting procedure. Inorganic salts, similar to those 
found in urine, were added to a known mixture of amino acids to give a 
salt-amino acid ratio of 10:1. The solution was desalted in the manner 
described by Consden, Gordon, and Martin (1), the resulting mixture con- 
centrated to a known volume, and an aliquot chromatographed on starch 
(3). The results of three such experiments are given in Table I. 

It will be noted that the recoveries of leucine-isoleucine-phenylalanine, 
glutamic acid-alanine, and threonine average about 95 per cent. The 
slightly low figures in these instances are probably indicative of a small 
manipulative loss incident to the desalting procedure. There are evi- 
dences of specific losses of histidine, proline, and methionine or tyrosine 
(valine presumably being stable). By far, the most strikingly low recov- 
ery is that of arginine, which is accompanied by more than theoretical 
recovery of material in the cystine range. Since ornithine is known to 
move at the same rate as cystine on starch (3), it was logical to suppose 
that part of the arginine might have been converted to ornithine. Evi- 
dence in support of this supposition was provided by the colorimetric 
ninhydrin procedure of Chinard,? which is quite specific for ornithine in the 
presence of cystine or any other amino acid except proline. When alter- 
nate fractions of the cystine peak were examined by the Chinard procedure, 
the characteristic red color given by ornithine was observed. An orni- 
thine peak could thus be plotted and integrated without interference from 





' Experiments have demonstrated that the high inorganic salt content of blood 
plasma or urine interferes with the separations of amino acids on starch columns. 

2 We wish to acknowledge the generous cooperation of Dr. F. P. Chinard, who 
placed this procedure at our disposal prior to its publication. 
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cystine. In the first chromatogram, for example, the ornithine found was 
equivalent to 40 per cent of the arginine originally present. This quantity 
of ornithine, when added to the amount of unchanged arginine, accounted 
for 87 per cent of the arginine submitted to the desalting process. Thus 
the chromatographic behavior, the colorimetric reactions, and the quanti- 
tative data all support the conclusion that arginine is transformed to a 
considerable extent to ornithine by the desalting procedure. 

Further evidence was provided by desalting experiments in which ar- 
ginine was the only amino acid added to the salt mixture. At the be- 


TaBLE I 
Recovery of Amino Acids from Known Mizture after Electrolytic Desalting 


The desalted amino acid mixture was chromatographed on starch according to 
the procedure already described (cf. Fig. 1 (8) ). 











Per cent recovery 
Constituent 
Chromatogram|Chromatogram| Chromatogram 

641 671 672 
Leucine-isoleucine-phenylalanine............... 95 94 94 
Valine-methionine-tyrosine..................... 88 88 84 
CE EUS Sak a ea eR ea 81 83 92 
Glutamic'acid-alanime.... 06.525. .0 66. oo. et _ 95 90 94 
CUE SS Cre RSA aS es SRP nk Gn Pm ae ee Pat 94 96 95 
PD AEDICINOMD eso. 5a5 sian bao cig arsine < ss eee aS 92 87 86 
RUMI eo as Sots wees Neha sen comes ON ae 103 98 105 
MASI EE os fins car sh Stnas d araraacae sey ein'o Gbisto, Sse atace 3a 105 106 111 
1 COV Pa Iie ar al A ca re aR 47 18 48 
RTOs ea Ae chin ntaten tiers simone ole ree eta es 89 86 99 
RAR MRRPNNSTD TE Ee ENE 2 EN oy WALI ee hs 89 67 69 
Cystine (with ornithine). ..... .0..5..0.% 660.60: 140 171 115 














ginning of the experiment, the salt mixture plus arginine gave no color in 
the Chinard procedure. Aliquots withdrawn during the desalting process 
gave a constantly increasing ornithine color which reached a maximum at 
the end of the experiment, when about 75 per cent of the arginine had been 
converted to ornithine. When an arginine solution containing no salts is 
submitted to the procedure, only a negligible amount (3 per cent) of orni- 
thine is formed. The extent of the conversion was not influenced by vari- 
ation of the rate of circulation of mercury in the desalting apparatus or by 
attempts to stir the mercury surface mechanically. 

The mechanism of the conversion of arginine to ornithine has not been 
investigated. The process may be analogous in some respects to the con- 
version of guanidine to ammonia during electrolysis over a mercury cath- 
ode, as reported by Davis, Yelland, and Ma (4). 
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The nature of the substances responsible for the definitely high yields 
in the serine and glycine peaks (Table I) has not been ascertained. Meth- 
jonine sulfoxide and citrulline, however, are two compounds known to 
travel in this range on starch chromatograms. 


EXPERIMENTAL 


Desalting Procedure—The synthetic mixture of amino acids simulated 
the composition of a hydrolysate of bovine serum albumin and was pre- 
pared in the manner described previously (3). A volume of 0.15 cc. of 
this solution (about 15 mg. of amino acids) was added to 37.5 cc. of water 
and 12.5 ec. of a salt mixture of the following approximate composition: 
200 mg. of (NH,)2SO,, 900 mg. of NaCl, 275 mg. of KzsHPO,, 20 mg. of 
CaCl, and 50 mg. of MgSO, made to a volume of 100 cc. with water. The 
entire mixture was placed in an electrolytic desalting apparatus construc- 
ted exactly as that described by Consden, Gordon, and Martin (1). A 
110 volt direct current line was employed as a power source. The use of 
a 220 volt source (for chromatogram No. 672, Table I) accelerated the 
desalting procedure somewhat, but otherwise did not appear to influence 
the results significantly, except that the cystine plus ornithine recovery 
was lower. A 100 ohm, 3 ampere slide wire resistance was employed to 
maintain the power consumption below 100 watts during the early stages 
of the desalting, as recommended by Consden, Gordon, and Martin. Af- 
ter 10 to 20 minutes of operation, the current fell below 1 ampere with no 
resistance in the line. Desalting was continued for an additional period 
of 2.5 to 3.5 hours, at which time the current had reached a steady mini- 
mum of about 0.2 ampere. In the experiment employing 220 volts, de- 
salting was completed in 1 hour. The solution was washed from the ap- 
paratus, filtered, and concentrated to dryness under reduced pressure. 
The residue was taken up in 1 cc. of 0.1 N HCl, and 0.2 cc. of this solution 
was diluted with 0.5 cc. of the solvent to be used on the chromatogram. 
Exactly 0.5 ec. of this solution was placed on the starch column. Chro- 
matography was performed in the manner already described (3), except 
that the change of solvent to 2:1 n-propyl alcohol-0.5 n HCl was made 
after the emergence of glycine (at about 140 cc.). 

Alternate 0.5 ec. fractions of the cystine peak were analyzed for orni- 
thine by the colorimetric procedure of Chinard. The fractions were neu- 
tralized with 2 drops of 0.8 n HCl, and 1.5 ce. of glacial acetic acid and 1 
cc. of ninhydrin solution were added. The ninhydrin solution was com- 
posed of 625 mg. of ninhydrin and 10 cc. of 6 Mm HsPO, made to a volume 
of 25 ce. with glacial acetic acid. The photometer tubes were covered 
with aluminum caps (cf. (3)) and heated for 1 hour at 100° in a boiling 
water bath. After being cooled, 4 cc. of glacial acetic acid were added and 
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the tubes were read at 505 my in a Coleman junior spectrophotometer. 
The quantity of ornithine present was determined by comparison with a 
standard curve. 

Solutions containing arginine alone were also desalted. The salt mix- 
ture employed had the composition indicated previously, except that an 
equal amount of NasSO, was substituted for the (NH4)2SO,. To 12.5 
cc. of salt mixture were added 37.5 cc. of water and 5 cc. of a solution con- 
taining about 2 mg. of arginine. At various times the current was inter- 
rupted, the solution removed from the apparatus, and its volume measured. 
Three 2 cc. aliquots were removed and concentrated to dryness in photome- 
ter tubes in a vacuum desiccator. After the addition of 0.5 cc. of water, 
the tubes were analyzed for ornithine by the Chinard procedure. The 
percentage of arginine transformed to ornithine at various times was as 
follows: 0.5 hour, 21 per cent; 1 hour, 38 per cent; 2 hours, 57 per cent; 3.5 
hours, 74 per cent. The exact extent of the transformation was not repro- 
ducible from one experiment to the next. In a second experiment, a 75 
per cent conversion occurred in 1 hour, whereas a third gave 84 per cent 
in 3.5 hours. 


The authors wish to acknowledge with appreciation the expert technical 
assistance of Mrs. Gertrude C. Carey. 


SUMMARY 


Starch chromatography has revealed that large losses of arginine and 
slight losses of some other amino acids occur during the electrolytic desalt- 
ing procedure of Consden, Gordon, and Martin. The low recoveries of 
arginine have been found to result from the conversion of a major part of 
this amino acid to ornithine during the desalting process. 
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THE SACCHARIFIC DETERMINATION OF AMYLASE IN 
BLOOD PLASMA AND URINE 


By ANDRE C. KIBRICK, HANNAH E. ROGERS, anp SOL SKUPP 
(From the Department of Chemistry, The Bronx Hospital, New York, New York) 
(Received for publication, December 2, 1950) 


There is a general need for a simple and accurate method for the deter- 
mination of amylase in blood plasma and urine. The saccharific method 
of Somogyi (1) has been widely used but has not proved satisfactory in 
this laboratory, owing possibly to the variable amount of residual starch 
that remains after deproteinization. Other methods have been proposed 
(2-4) in which the blue color produced with iodine by the starch remain- 
ing after incubation is measured. However, the differences in readings 
between control and test solutions are small, and the presence of serum 
either increases or decreases the starch-iodide color according to the dilu- 
tion of the solutions. Jn the present paper we describe a method for the 
determination of amylase by the complete removal of starch after incuba- 
tion for 30 minutes and estimation of liberated glucose in the starch-free 
solution with a reagent of anthrone in strong acid (5). 


EXPERIMENTAL 

Reagents— 

1. Phosphate-sodium chloride buffer. A solution containing 22.86 gm. 
of KH2PO,., 155.1 gm. of NagHPO,-12H2O, and 20 gm. of sodium chlo- 
ride in 1 liter. 

2. Starch substrate. Weigh 1.25 gm. of U.S. P. corn-starch in a small 
beaker and add 5 ml. of a solution containing 11 ml. of phosphate-sodium 
chloride buffer in 100 ml. Heat the remaining 95 ml. of solution to 90° 
and add the starch in suspension from the beaker. Without further heat- 
ing, rinse the beaker with the hot solution and cool to room temperature. 
pH 7.1. Prepare daily. 

3. Trichloroacetic acid-ammonium sulfate solution. Saturate a solu- 
tion containing 12.5 gm. of trichloroacetic acid per 100 ml. with ammo- 
nium sulfate by heating with excess salt and allowing to cool. 

4. 92 per cent sulfuric acid. Add 1 liter of concentrated acid to 50 ml. 
of water. 

5. Anthrone reagent. Dissolve 200 mg. of anthrone (National Bio- 
chemical Company, Chicago) in 100 ml. of 92 per cent sulfuric acid. 

6. Activated carbon. Darco, G-60 (Darco Corporation, New York). 

7. Stock glucose standard solution. 1.000 gm. of anhydrous dextrose 
in 100 ml. of saturated benzoic acid solution. 
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8. Working standard solution. Dilute 5 ml. of stock glucose solution [| 
to 50 ml. with water. Prepare daily. ; 


Method 


Place 3.0 ml. of starch substrate in each of two test-tubes, 100 X 20 
mm., and allow to come to the temperature of a 37° water bath for 5 min- 
utes. Add 0.5 ml. of plasma or of urine diluted 1:1 to the starch solution 
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Fig. 1. Effect of dilution of urine on apparent amylase activity 


in one of the tubes; mix, and return the tube to the water bath.’ After 
exactly 30 minutes transfer both tubes to a beaker of ice water and add 
3.5 ml. of trichloroacetic acid-ammonium sulfate solution to each. At this 
point add 0.5 ml. of plasma or diluted urine to the control solution in the 
second tube. Add at once 500 mg. of activated carbon (2 level spoonfuls 
with a No. 3 Coors porcelain spoon spatula) and mix by shaking vigorously 
either with rubber stoppers or parafilm. Let stand for 5 minutes and filter 
through No. 2 Whatman filter paper. The filtrates should be crystal- 


1 With some batches of starch the substrate starts to settle after 10 minutes. 
However, this has no effect, since the results are the same when the starch is re- 
suspended at intervals during incubation. 
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clear and give no trace of blue color with iodine. Transfer 2 ml.? of each 
filtrate to 25 ml. Erlenmeyer flasks.2 At the same time, dilute 0.5 ml. of 
working standard solution with 3 ml. of water and 3.5 ml. of trichloro- 
acetic acid-ammonium sulfate solution, and transfer 2 ml. of the mixture 
to a 25 ml. Erlenmeyer flask. Prepare the blank in the same way by sub- 
stituting 0.5 ml. of water for the glucose solution. Add 3 ml. of water to 


TABLE I 
Plasma Amylase in Patients with Miscellaneous Clinical Conditions 
The results are expressed in mg. per 100 ml. 




















Glucose concentration 
oer Without Control tate 
carbon tubes 

Concussion (ACCIdent) a) 5 i ee eee ewes 97.5 101 42 
Subtotal gastrectomy for ulcer................ 99.1 100 72 
Carcinoma of head of pancreas................ 109 108 55 
Erythroleucemia, acute... j6655 fesse veces 107 111 41 
Arteriosclerotic heart disease.................. 93.9 92.1 44 
ee af JN Re Reta eye 87.9 87.9 53 
Fractureior left Ripe «22... 5055 .stoaseseccaeeres 198 198 52 
Secendary anemia 2 a: ead. ne eee 95.5 97.4 47 
Infectious mononucleosis....................5- 89.1 88.3 44 
Upper respiratory infection................... 93.0 92.0 25 
WUGAENAl WICCE = sense pts eee see ree 92.0 91.0 68 
Congestive ‘heart: failure. ...... 6... coca eens 258 261 43 
DHADOEGR so oss ccilgne ce tare Ae ne ee ea 200 202 38 
ee PT arrty Meee er inh eee cn eee 210 210 67 

- EO ee Ne NE grr eh 164 167 68 
Incontinence following prostatectomy......... 102 101 50 
Bett eebatie NEUMUS: 5 5.0% cn see wees aoe see 92.2 92.2 38 
Malignant hypertension. ......<5....00<sa0004 89.5 89.3 46 
Subacute and chronic pancreatitis............. 104 107 140 
Cystostomy (hypertrophied prostate).......... 101 100 58 
Chronic nephritis in uremia................... 98.5 100 288 
Diabetes and renal insufficiency............... 362 363 115 








each flask and then add 10 ml. of anthrone reagent rapidly from a large 
bore pipette. Mix and allow to cool for approximately 15 minutes. Fi- 
nally, transfer the solutions to colorimeter tubes and measure the color in 
a Klett-Summerson colorimeter with Filter 62, adjusting to zero with 
water. Calculate the results in terms of glucose liberated per 100 ml. of 

2 For urine or plasma containing more than 600 units per 100 ml. only 1 ml. of 
filtrate is diluted with 4 ml. of water. 


’ Larger flasks cannot be used, since the temperature must be maintained. How- 
ever, 20 X 150 mm. test-tubes are also satisfactory. 
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the test sample as follows: (test minus control)/ (standard minus blank) X 
100 = units of amylase. For urine this value is multiplied by 2 to obtain 
the result in undiluted urine. 

Samples of freshly voided urine were diluted serially, and the various 
dilutions were used for the determination of amylase by the new method. 
Fig. 1 presents the results of one experiment and shows that the units of 
amylase found in each solution are inversely proportional to the dilution 
of the original urine. In Table I are shown the values for plasma amylase 
in patients with a variety of clinical conditions. Each value is the aver- 
age of the results of two determinations which agreed within 5 per cent. 
Included in Table I are the values for plasma glucose found in the control 
tubes after removal of starch and in additional controls in which all of the 
reagents except starch and carbon were added. The agreement between 
the values for glucose demonstrates that glucose is not lost by the proce- 
dure for the complete removal of starch. It is also evident from a com- 
parison of the values of amylase in the last column with the values 
of glucose in the third column of Table I that the amount of chromogenic 
substance derived from starch is not affected by the amount of chromo- 
genic substance in blood. 

The values for plasma in thirty-five apparently healthy laboratory work- 
ers and residents were between 34 and 102 units, average 58 units, of am- 
ylase per 100 ml. The values for fresh morning specimens of urine in 
twenty-two apparently normal individuals were 154 to 826 units per 100 
ml. 


SUMMARY 


A new method is described for the determination of amylase in blood 
plasma and urine. After incubation with starch for 30 minutes at 37° 
the solutions are treated with a reagent of trichloroacetic acid and am- 
monium sulfate and with activated carbon for the complete removal of 
undigested starch. The liberated glucose is then estimated with anthrone. 
In thirty-five normal individuals the values for plasma are 34 to 102 units 
per 100 ml. In twenty-two normal individuals the values for urine are 
154 to 826 units per 100 ml. 
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ia on ACETYLCHOLINESTERASE 

XI. REVERSIBILITY OF TETRAETHYL PYROPHOSPHATE INHIBITION* 
US 
od k By IRWIN B. WILSON 
of (From the Department of Neurology, College of Physicians and Surgeons, Columbia 
ion University, New York, New York) 
ase § (Received for publication, November 24, 1950) 
rer- 
ant. Certain alkyl phosphate esters such as tetraalkyl-pyrophosphates, dial- 
trol | kyl fluorophosphates, and dialkyl p-nitrophenyl phosphates have been 
the found to be powerful inhibitors of acetylcholinesterase and certain other 
een | hydrolytic enzymes. The action of these compounds, in contrast to pre- 
oce- viously known inhibitors, was considered to be irreversible. A striking 
com- | chemical feature which the active alkyl phosphates have in common is 
lues that during their hydrolysis a phosphorus bond is broken, whereas with 
enic other phosphate esters a carbon oxygen bond is broken. These esters 
ymo- are, therefore, open to nucleophilic attack at the electrophilic phosphorus 


atom and are suitably constituted for the transfer of a dialkylphosphory] 
rork- radical to a basic group (1). 


am- The mechanism, previously suggested (2), of enzyme-catalyzed hydrol- 
re in ysis and analogous processes involves the reaction of an acylated enzyme 
- 100 with nucleophilic reagents such as water, choline, and hydroxylamine. 


In the enzyme, the esteratic site contains a basic group which makes a nu- 
cleophilic attack upon carboxylic esters, ultimately resulting in the trans- 
fer of an acyl radical to the enzyme surface. 


blood With phosphate inhibitors a phosphoryl radical will be transferred to 
+ 37° the basic group to yield an inhibited enzyme of the structure 

1 am- aw G 

val of | ‘is 

nrone. (RO),2P—O@ (RO),.P=0 

units 


The possibility that enzymes may be phosphorylated by phosphate in- 
hibitors has been considered and discussed by others (3-6). There is ex- 
perimental evidence that these inhibitors are in fact split during enzyme 
inhibition. The pH dependence of tetraethyl pyrophosphate (TEPP) 
inhibition follows a form very similar to the pH dependence of enzyme- 
catalyzed acetylcholine hydrolysis (1). Both curves decline in acid and 
alkaline media, with a maximum between pH 8 and 9. Since neither 


1e are 


* This investigation was supported by a research grant from the Division of Re- 
search Grants and Fellowships of the National Institutes of Health, United States 
Public Health Service. 
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TEPP nor acetylcholine changes structure with pH, the change in activ- 
ity must be due entirely to changes in protein structure. The fact that 
TEPP inhibits best at just those pH levels at which the hydrolytic ac- 
tivity of the enzyme is at a maximum suggests that the TEPP molecule 
reacts with the enzyme in a manner analogous to carboxylic esters. This 
is especially significant, since reversible inhibitors such as prostigmine, 
which have a fixed structure and are not split during inhibition, do not 
show a decline of potency in alkaline media even under non-competitive 
conditions (7). 

Jansen et al. have obtained direct evidence that in inhibiting chymo- 
trypsin diisopropyl fluorophosphate (DFP) is split. They find that fluo- 
ride ion appears in the solution and that the isopropyl groups and the 
phosphorus atom remain attached to the enzyme (8, 9). 

Whereas the acetylated enzyme which is an intermediate in the hy- 
drolysis of acetylcholine reacts readily with water, the corresponding phos- 
phorylated intermediate with TEPP is more stable. However, the re- 
action between water and the phosphorylated enzyme, while manifestly 
slow, need not be immeasurably slow and it seemed possible that, given 
sufficient time, hydrolysis might ensue with the simultaneous regeneration 
of the enzyme, especially if excess TEPP is in the meantime removed by 
hydrolysis or by dialysis. As the acylated enzyme reacts readily with hy- 
droxylamine and choline (2), a possible reactivating effect of these nu- 
cleophilic reagents on TEPP-inhibited enzyme has been studied. 


Methods 


The enzyme used was highly purified acetylcholinesterase from electric 
tissue of Electrophorus electricus. The enzyme solution hydrolyzed 48 
gm. of acetylcholine per ml. per hour. 0.5 ml. was diluted to 5 ml. with 
a solution of the following composition: 5 X 10-7 m tetraethyl pyrophos- 
phate, 0.05 m borate (or phosphate), 0.1 per cent gelatin solution at pH 
7. A similar enzyme solution, without TEPP, was prepared for control. 

1 ml. of the enzyme solution containing TEPP was withdrawn after 15 
minutes and diluted to 5 ml. with 0.05 m borate-0.1 per cent gelatin solu- 
tion at pH 7. A similar solution was prepared at pH 10 and also solutions 
at both pH levels with the control enzyme. These solutions were stored 
in the refrigerator. 0.1 ml. samples were withdrawn at suitable intervals 
and diluted to 5 ml., of which 1 ml. was introduced into the manometric 
vessels for assay. 

0.1 ml. samples of 2 day-old inhibited enzyme were placed in vials with 
a sufficient quantity of a solution containing 1.2 m choline or 1.4 m hy- 
droxylamine and borate buffer to produce the desired concentration of 
reagent. The entire contents of the vials kept for a suitable time in the 
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refrigerator were diluted to 25 ml. and 1 ml. was used for assay. The pH 
was 7. The purpose of the 2 day aging period was to allow time for some 
hydrolysis of excess TEPP. 


Results 


Table I shows a typical experiment in which the inhibited enzyme has 
been left standing in the refrigerator (about 7°) for a few weeks. Very 
little reactivation occurred during the first 10 days, but after 4 weeks the 
activity was about 50 per cent restored. Longer periods of exposure 
might yield still better results, were it not that after such long periods the 
enzyme at this dilution loses activity spontaneously. 


TABLE I 
Reactivation by Hydrolysis of TEPP-Inhibited Acetylcholinesterase 

0.5 ml. of enzyme solution was diluted 10 times with a solution containing 5 X 
10-7 m TEPP, 0.05 m borate, and 0.1 per cent gelatin. 1 ml. of this solution was 
withdrawn after 15 minutes and diluted to 5 ml. of a solution with borate-gelatin 
buffer adjusted either to pH 7 or 10. Controls were prepared in the same manner 
but without TEPP. The solutions were kept in the refrigerator (about 7°) for the 
indicated periods of time. The samples were diluted 50 times and assayed mano- 
metrically. Activity is given in ¢.mm. of CO, released in 5 minutes with 4 X 107% 
m acetylcholine as substrate. 

















pH7 pH 10 
Days 
Control Inhibited enzyme Control Inhibited enzyme 
0 20 0.9 23 0.7 
t 1.0 1.0 
17 20 4.1 18 4.0 
28 18 9.0 18 7.6 








Table II shows the reactivation with choline and hydroxylamine at pH 
7. Choline is a competitive inhibitor of acetylcholinesterase. Table II 
contains the corrected values. 

Reactivation by choline progresses slowly, reaching about 75 per cent 
after 3 days. Even the 0.03 m concentration produces about 30 per cent 
recovery after 3 days. 

Reactivation by hydroxylamine is more dramatic. Close to 50 per 
cent recovery is achieved after 1 hour and over 80 per cent in 5 hours. 
Hydroxylamine is not an immediate inhibitor of acetylcholinesterase, but 
the declining activity in the presence of 1.2 m concentration indicates that 
this reagent reacts slowly with the enzyme in such a manner as to inacti- 
vate it. The activity of the control enzyme solution dropped from 20 to 
16.5 in 5 hours with this reagent. It is, of course, not surprising that 
such an active substance as hydroxylamine should react with proteins, 
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Tas_e II 
Reactivation by Choline and Hydroxylamine of TEPP-Inhibited Acetylcholinesterase 
0.1 ml. of an enzyme solution which had been exposed to TEPP for 2 days was _ 

incubated for various periods of time with choline and hydroxylamine in the con- 
centrations indicated. The inhibition mixture was then diluted to 25 ml. and 1.0 
ml. was used for the manometric determination. pH 7.2; temperature 23°. The 
acetylcholine concentration was 4 X 10-*m. The activity is given in c.mm. of CO, 
released in 5 minutes. Under the conditions of measurement the inhibition caused 
by choline is 30 and 18 per cent for the 0.6 and 0.3 m experiments, respectively. 
The table presents the corrected values. In 1.2 m concentration NH2OH decreased 
the activity of the control without TEPP in 5 hours to 16.5. 
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DISCUSSION 


The reactivation of TEPP-inhibited acetylcholinesterase by reaction 
with water, choline, or hydroxylamine is in complete conformity with the 
mechanism of enzyme hydrolysis and of phosphate ester inhibition which 
has been described. The water reactivation reaction expected from this 
theory is 


Gw H—GwW 
(RO:P—OM + HOH = HO—P—O0 = 


(OR): 
O 


| 
H—G + (RO):P—OH (1) 


It is the slowness of this water reaction which makes TEPP an inhibitor 
rather than a substrate. The reactions with choline and hydroxylamine 
(base form) are similar, but the products are, respectively 


O oO 


| | | 
(RO):P—O(CH:2)sN(CHs)3* and (RO)2P—NOH 
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Although the enzyme activity cannot be restored by dilution or by di- 
alysis, the inhibition may still be called reversible in the same sense that 
this term is applied to oxidized sulfhydryl enzymes which can be reactiva- 
ted by reducing agents. The reactivation processes described here do not 
regenerate the inhibitor. 

Since it would appear that the theory of enzyme hydrolysis. and phos- 
phate ester inhibition should apply to at least some other hydrolytic en- 
zymes, the question arises as to whether reactivation of other enzymes 
might not be accomplished with the same reagents. While the principles 
are believed to be general, the enzyme structure symbolized by G would 
hardly be identical in different enzymes and quantitative differences should 
be anticipated. If, for example, the rate of the water reaction with in- 
hibited acetylcholinesterase (Reaction 1) were 10 or 100 times slower, we 
should not have detected it, and, if such a slower rate occurs with other 
enzymes, reactivation would not be feasible by this method. 

Reactivation with hydroxylamine depends upon a fortunate distinction 
between the rate at which the enzyme is inactivated by this reagent and 
the rate with which the phosphorylated enzyme is converted to the active 
enzyme. If either the inactivating effect were much more rapid or the 
reactivation rate slower, reactivation would not have been achieved. 

Reactivation by choline is facilitated by the existence of an anionic 
enzyme site. Choline is thus an especially favorable alcohol for acetyl- 
cholinesterase. Simple alcohols might be more favorable for the reactiva- 
tion of other esterases. While reactivation of other enzymes is not certain, 
it seems probable that at least one of these three methods will 
prove fruitful. 

The initial step in inhibition is the formation of a reversible enzyme- 
inhibitor complex analogous to the enzyme-substrate complex (2). In 
comparing inhibitors, it is necessary to consider this step as well as the 
cleavage process. For example, pyrophosphate ion containing a negative 
charge would be a very poor reactant, since it does not have the electro- 
philic phosphorus atom required for such complexes. 

Diisopropyl chlorophosphate is a weaker inhibitor than the correspond- 
ing fluorophosphate, but is considered to be a better phosphorylating 
agent (3, 4). On the other hand, the phosphorus atom in the fluorophos- 
phate is more highly electrophilic, and thus this compound is better able to 
form the initial complex with the enzyme. 

None of the phosphate inhibitors takes full advantage of the anionic 
site. Isoamyl, dimethylamino, and choline derivatives may be superior to 
the ethyl and isopropyl compounds, since they would interact better with 
the anionic site and more readily form the initial complex. Diisopropyl 
fluorophosphate is a better inhibitor than the corresponding ethyl and 
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methyl derivatives, although the order of phosphorylating ability is be- 
lieved to be the reverse. It is possible that the greater inhibitory power 
of the diisopropyl compound is a consequence of its greater interaction 
with the anionic site. 

Sublethal intoxication of living organisms is not permanent (10). Re- 
covery in vivo may take place through formation of new acetylcholines- 
terase or through enzymatic hydrolysis of the phosphorylated enzyme. 
Possibly the enzyme is reactivated by choline. The greatest concentra- 
tions of choline may be expected to be at the site of the esterase-acetylcho- 
line system. Only slight reactivation would be required, since the enzyme 
appears to be at least 10-fold in excess in those tissues in which studies 
have been made (11). Choline, which would act only at synaptic june- 
tions, might possibly be of value in the treatment of poisoning (12). The 
junctions are most vulnerable to the exposure of alkyl phosphates which 
act here in much lower concentrations than are required for blocking con- 
duction. Some of these phosphates, e.g. TEPP, do not affect conduction 
but only the synaptic transmission. In view of the use of TEPP in myas- 
thenia gravis the present observations may be a useful clue. 


SUMMARY 


The mode of interaction between enzyme and alkyl phosphates has been 
interpreted on the basis of the mechanism of the hydrolytic processes 
catalyzed by acetylcholinesterase. This theory indicates that the basic 
group in the esteratic site of the enzyme surface is phosphorylated and 
that this phosphorylated enzyme would react with nucleophilic reagents 
and thereby regenerate the enzyme. 

It has been demonstrated that the enzyme inhibited by TEPP may be 
reactivated slowly by reaction with water or rapidly by choline or 
hydroxylamine. 


The author wants to thank Dr. Felix Bergmann for his help in some of 
the experiments and to acknowledge the technical assistance of Mrs. Ida 
Freiberger. He wishes to express his indebtedness to Dr. David Nach- 
mansohn for continual advice and guidance. 
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Mazur and Bodansky (1) presented evidence that diisopropyl fluoro- 
phosphate (DFP) in very high dilutions irreversibly inactivates the cho- 

linesterase of brain, red blood cells, and serum. One important point left 
undetermined was the possibility of compound formation between DFP 
and cholinesterase. 

Preliminary experiments indicated that the amounts of DFP which 
might be bound by the quantity of cholinesterase available were so small 
that the question as to whether combination had occurred could only be 
answered by the use of radioactive tracers. The availability to us of 
DFP, containing radiophosphorus (2) of high specific activity, permitted 
} an investigation of the possibility of such combination between enzyme 
and inhibitor. The results of this study presented here demonstrate that 
the inhibition of cholinesterase by DFP is associated with the binding of 
DFP phosphorus by the enzyme. 


EXPERIMENTAL 


Source of Enzyme—Two preparations of electric eel cholinesterase,' dif- 
fering in degree of purification, were used in this work. One of the sam- 
ples, designated ChE I, had an activity of 2.6 gm. of acetylcholine hy- 
drolyzed per hour per mg. of dry weight, and the other, designated ChE 
II, had an activity of 0.50 gm. of acetylcholine hydrolyzed per hour per 
mg. of dry weight. The enzymes were dissolved in 0.01 m potassium phos- 
phate buffer, pH 7.4. Dilutions of the enzymes for activity determina- 
tions were made in 10 per cent hemolyzed human red cells from which the 
erythrocyte cholinesterase had been removed by filtration through in- 
fusorial earth. 


Radiophosphorus-Labeled DFP—DFP labeled with P® (DFP*)? was 


* A preliminary report was given before the American Society for Pharmacology 
and Experimental Therapeutics, Inc. (Federation Proc., 8, 320 (1949) ). 

| Present address, Chemical-Biological Coordination Center, National Research 
Council, Washington, D. C. 

‘This was obtained from Dr. D. Nachmansohn. 

* Earlier lots of DFP* were kindly prepared for us by Dr. B. Witten, Technical 


Command, Army Chemical Center. In later work we used material obtained com- 
mercially. 
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used, having an activity range of about 2 to 10 mc. per mm. A Tracerlab _ 
autoscaler was used for the radioactivity determinations. Solutions of DF 
DFP* were made in distilled water and were used immediately after being T 
prepared. 

Determination of Cholinesterase Activity—Cholinesterase activity was de- Effe 
termined by an electrometric method (3), which was standardized against 
a modified form of the manometric method of Ammon (4), in which enzyme D 
activity was measured in the presence of 0.034 m magnesium chloride, per 


0.025 m sodium bicarbonate, 5 per cent CO, in nitrogen, and 0.015 M ace- 
tylcholine bromide at 38°. In this paper 1 unit of cholinesterase activity 
is defined as equal to 1 gm. of acetylcholine hydrolyzed per hour when de- 
termined by the manometric method. 

Inhibition of Cholinesterase by DFP and DF P*—The cholinesterase in- 
hibition produced by DFP* was compared with that produced by normal | ?*4 
DFP by mixing equal volumes of ChE I and solutions containing varying 
amounts of DFP* or normal DFP. Enzyme activities were determined | « 
after the solutions had been allowed to react for 4 hours at 25°. There Pptd 
was no significant difference in the extent of inhibition produced by normal | Wa 
and radioactive DFP. The amount of DFP required to produce 50 per | 5° 
cent inhibition of enzyme activity was 0.064 y of DFP per mg. of ChE | 
I or 1.3 X 10-” mole of DFP per unit of enzyme activity. The final con. | —— 
centration of ChE I was 5 mg. per ml. 

Combination of Cholinesterase with DF P*—The possibility of a stable | 
compound forming between cholinesterase and DFP* was first tested by | 
allowing DFP* to react with ChE I for 4 hours at 25° and then dialyzing = —— 
against running tap water at 11°. The reaction mixture was placed in a 
cellophane sac which was attached to a 2-holed rubber stopper in order to 
permit the use of a mechanical stirrer and the removal of samples. Sam- 
ples were either dried directly under an infra-red lamp in the presence of 
2 drops of 2 per cent barium hydroxide or precipitated with either 10 per 
cent trichloroacetic acid or ethanol, and the precipitated protein was dried 
in the presence of the same quantity of barium hydroxide. After radio- 
activity counts were made, the amount of protein in the samples was de- 
termined by micro-Kjeldahl analysis of the material in the counting dishes. | — 
The results, given in Table I, indicate that DFP is bound to protein and 
that the ratio of bound DFP to protein is not significantly altered by pro- 
longed dialysis or precipitation. The rate of dialysis of DFP* in the ab- 
sence of cholinesterase, under experimental conditions similar to those just 
described, is shown in Table IT. 

Because of the stability of the combination of eel cholinesterase with 
DFP to precipitation by trichloroacetic acid, the relationship between 
enzyme activity and bound DFP at various ratios of inhibitor to enzyme 
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was studied by precipitation with trichloroacetic acid to remove unbound 
DFP. 


The preparations of eel cholinesterase were allowed to react with DFP* 


TABLE I 
Effect of Dialysis and Precipitation on DF P* Content of Eel Cholinesterase Inhibited 
with DF P* 


DFP* added to ChE I, 0.216 y per mg. of protein; concentration of ChE I, 5 mg. 
per ml.; initial activity of DFP*, 6960 c.p.m. per y. 


























| | * 
| ee, Activity DFP* 
Sample preparation dink “chet Activity for decay a bs - 
re an a ChE I 
hrs. mg. c.p.m. c.p.m. 
Pptd. washed with ethanol..... 0 0.98 757 732 0.107 
Solution dried directly.......... 16 0.56 307 291 0.075 
me “ OT ae Sci Maen 72 0.52 272 286 0.079 
- sss ME icc totes 186 0.54 311 416 0.111 
Pptd. with 10% CCl,COOH, 
washed with ethanol.......... 192 1.12 470 656 0.084 
Solution dried directly.......... 311 0.68 350 609 0.129 
Pptd., washed with 10% 
COLCOOR. ».. . sxd0oe antes noes 384 1.02 356 720 0.101 
TaBLeE II 


Rate of Dialysis of DF P* 
50 y of DFP* in 10 ml. of water. Initial activity of DFP*, 3510 c.p.m. per y. 











Activity corrected ws 
Time dialyzed Aliquot counted Activity ~ Ley orga ey — 
hrs. ml. c.p.m. c.p.m. 
0 0.1 1745 1721 100 
1.5 0.1 1152 1128 65.5 
3.3 0.1 792 775 45.0 
5.2 0.1 562 543 31.6 
21.5 0.2 62 40 1.2 
29.0 1.0 67 46 0.27 














to completion at room temperature. Samples were removed for deter- 
minations of enzyme activity and the remaining solution was precipitated 
with 5 per cent trichloroacetic acid (final volume 10 ml.). The acid- 
treated mixture was allowed to stand at least 1 hour and then 1 ml. of 10 
per cent horse serum (7 mg. of protein) was added to act as a carrier for 
the small amount of enzyme protein present. After an additional hour 
of standing, the precipitated proteins were centrifuged and washed twice 
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with 10 ml. volumes of 5 per cent trichloroacetic acid. The precipitate | 


was dissolved in 0.1 N sodium hydroxide, aliquots were dried under an 
infra-red lamp, and then radioactivity counts were carried out. Control 
counts were made on aliquots of the original DFP* solution, which were 
dried in the presence of sodium hydroxide and horse serum proteins. The 


results, given in Tables III and IV, show that labeled phosphorus is © 
bound in amounts proportional to the degree of inhibition of the enzyme. | 


In two experiments, 1.6 y of the sodium salt of hydrolyzed DFP* (equiy- 
alent to 8300 c.p.m.) were added to 0.50 mg. of ChE I. After 24 hours 
at 25° and pH 7.4, the mixtures were precipitated and washed with carrier 


protein, as described in the preceding section. The observed radioactivity | 


counts were 25 and 26 c.p.m., with a background count of 25c.p.m. These 
results show that no significant binding of hydrolyzed DFP* by ChE I 
occurs. 


The effect of trichloroacetic acid on the reaction between DFP* and : 


eel cholinesterase was investigated with preparation ChE II. To 0.5 ml. 
samples of ChE II, containing 1.15 mg. of protein, 0.05 ml. of 50 per cent 
trichloroacetic acid was added, followed immediately by the addition of 
0.1 ml. of DFP*, containing 0.10 y of DFP* (equivalent to 330 c.p.m.). 
After 24 hours at 25°, the reaction mixtures were centrifuged and washed 
in the presence of carrier proteins as described above. The radioactivity 
counts observed on three samples were 24, 25, and 24 c.p.m. The back- 
ground was 24 c.p.m. These data show that no binding of DFP by eel 
cholinesterase occurs in the presence of trichloroacetic acid. 

If DFP is bound at the enzymatically active centers of eel cholinesterase, 
the presence of a sufficient excess of acetylcholine should prevent the bind- 
ing, since it has been shown (5) that inhibition of eel cholinesterase ac- 
tivity by DFP is virtually stopped by the addition of acetylcholine. An 
experiment to show the effect of acetylcholine on the binding of DFP by 
eel cholinesterase was performed with preparation ChE II. To duplicate 
0.5 ml. aliquots of 1 M potassium phosphate buffer, pH 7.4, containing 200 
mg. of acetylcholine chloride and 0.82 y of DFP*, were added 0.5 ml. por- 
tions of ChE II, containing 1.14 units of cholinesterase activity per ml. 
Controls in duplicate were prepared containing the same quantities of 
buffer, DFP*, and enzyme but without the addition of acetylcholine chlo- 
ride. After 1 hour at 25°, 9 ml. of 11 per cent trichloroacetic acid were 
added to each solution. The precipitates were washed with 10 per cent 
trichloroacetic acid, suspended in 0.1 N sodium hydroxide, dried under the 
infra-red lamp, and counted. The activities of the controls were 389 and 
414 c.p.m. above background, whereas the activities of the samples which 
were allowed to react with DFP* in the presence of acetylcholine chloride 
were both 27 c.p.m. above background. The activity of the DFP* was 
16,800 ¢.p.m. per y. Therefore, the amount of DFP* bound per 0.5 ml. 
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itate of ChE II was 0.024 y in the controls and 0.0016 y in the samples contain- 
r aN ' jing acetylcholine chloride. 
































ntrol 
were Taste III 
The | Combination of Eel Cholinesterase (ChE I) with DF P* 
18s is Cholinesterase concentration, 10 mg. per ml.; pH, 7.4; temperature, 25°; activity 
yme | of DFP*, 6900 c.p.m. per y. 
. 4 eos 

my | GET a lee aadea| FREY? | tanibition “Ger corrected mnie 
10urs Sample No. | lowed to |'to ChET | reaction | of CHET | CORT, | for beck: ly DFP* per 
srriee DEP* solution decay | ™8- Protein 
‘ivity ' mg. 7 ml. per cent mg. C.p.m. 
These 1 0.200 | 0.0146 | 0.030 50 0.184 52 0.041 
hE I 2 0.200 0.029 0.030 82 0.180 100 0.081 

3 0.200 0.039 0.030 94 0.186 130 0.101 
t and | 4 0.200 0.058 0.030 99 0.194 140 0.105 

5 0.200 0.097 0.030 100 0.184 133 0.103 
5 mi. 6 1.00 0.070 0.110 59 0.432 133 0.045 
r cent | 7 1.00 | 0.140 | 0.120 93 | 0.445 | 268 | 0.087 
ion of 8 1.00 0.210 0.130 | 99 0.439 291 0.096 
p.m). 9 1.00 | 1.05 | 0.250 | 100 | 0.465 | 279 | 0.087 
ashed 10 0.500 0.100 0.070 0.480 344 0.104 

ae. 11 0.500 0.100 0.070 0.480 338 0.102 
tivity 12 0.500 | 0.500 | 0.150 0.475 | 359 | 0.110 
back- 13 0.500 | 0.500 | 0.150 0.476 | 361 | 0.110 
by eel | ———— 
TaBLe IV 

terase, Combination of Eel Cholinesterase (ChE II) with DF P* 
> bind- Cholinesterase concentration, 2.8 mg. per ml.; pH, 7.4; temperature, 25°; ac- 


use ac- | tivity of DFP*, 5500 c.p.m. per y. The amount of ChE II allowed to react with 
>» An | DFP* was 1.15 mg. 


























} ceri * 
hi Sample No. | PPG, stdet * [rieousolution| CRETE recied for back. "DEP per mg. 
ing 200 | — 

Y ml. per cent c.p.m. 
al. por- 1 0.010 0.55 42 61 0.0096 
per mi. 2 0.020 0.60 69 93 0.015 
ities of 3 0.030 0.65 88 118 0.019 
e chlo- 4 0.050 0.75 94 112 0.018 
id. were 5 0.100 1.00 98 127 0.020 
er cent} 
der the DISCUSSION 
389 and The mean value for the binding of DFP* by completely inhibited ChE 
s which } 150.039 y (2.1 X 10° mole) of DFP* per unit of enzyme activity. The 
chloride } tinding of DFP* by completely inhibited ChE II is 0.021 of DFP* per 
a6 a mg. of protein or 0.042 y (2.3 & 10-'° mole) of DFP* per unit of enzyme 








124 REACTION OF CHOLINESTERASE WITH DFP 


activity. From the data of Nachmansohn, Rothenberg, and Feld (6) it is 


possible to calculate that about 1.2 X 10-'° mole of DFP per unit of ac- | 
tivity gave 50 per cent inhibition of a highly purified preparation of electric | 
eel cholinesterase having an activity of 60 units per mg. of protein. Com- | 
parison of the results reported by the latter workers with those given in | 
this paper shows that the amount of DFP required to give 50 per cent in- | 
hibition of enzyme activity with the highly purified cholinesterase is not | 


significantly different from that required for preparations ChE I and ChE 
II. Therefore, it appears probable that DFP was not bound by proteins 
other than cholinesterase. ‘Additional support for the foregoing conclusion 
is given by the data, which show that very little binding of DFP occurs 
when acetylcholine is present. 

The most active preparation of electric eel cholinesterase which has 
been reported (7) gave a single component on ultracentrifugal analysis 
which had a molecular weight of approximately 3,000,000 and an enzyme 
activity of 75 units per mg. On the basis of DFP binding, the equivalent 
weight of eel cholinesterase is 10-*/(75 XK 2.1 XK 107°) = 63,000. One 
interpretation of these data is that there are approximately forty-eight or 
so active centers per molecule of cholinesterase (3,000,000/63,000). An 
alternative possibility is that the high molecular weight indicated by the 
ultracentrifuge data is the result of association of smaller units to form 
agglomerates of nearly uniform particle size. A study of the effect of con- 
centration and pH on the sedimentation velocity of eel cholinesterase 
might clarify this point. 

Wilson and Bergmann (8) have reported data which indicate that 67 per 
cent of electric eel cholinesterase is in the form of active complex in 0.015 
mM acetylcholine. If DFP binding is a measure of the number of active 
centers in eel cholinesterase, unit enzyme activity is equivalent to 1.4 X 
10-° mole of active enzyme-substrate complex. The velocity constant 
for the hydrolytic splitting of the active complex, ka, is equal to the rate 
of hydrolysis divided by the amount of active complex (9). Unit cho- 
linesterase activity corresponds to a hydrolysis rate of 1.7 X 10-® mole per 
second. The resulting value of ka is 1.2 K 104 sec.—. 

The available data may be used to compute a minimum value for the 
velocity constant of the reaction between cholinesterase and acetylcholine 
to form an enzyme-substrate complex. The velocity constant for this re- 
action, k;, is equal to (ke + ka)/K, (10), where kz is the velocity constant 
for the reversible dissociation of the active complex and K, is the dissocia- 


tion constant. The value of K, given by Wilson and Bergmann (8) is | 


2.6 X 10-*m. The minimum value of k;, obtained by letting k. equal 0, 
is 4.6 X 10’ Mm sec.-". 
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SUMMARY 


1. Electric eel cholinesterase and DFP react to form a compound which 
remains undissociated in 10 per cent trichloroacetic acid at room tempera- 
ture. 

2. Electric eel cholinesterase combines with 2.1 X 10-!° mole of DFP 
per unit of activity, unit activity being defined as the amount of cholin- 
esterase which will hydrolyze 1 gm. of acetylcholine in 1 hour at pH 7.4 
and 38° with 0.015 m acetylcholine and an ionic strength of 0.14. 
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EFFECT OF HYPERINSULINISM ON BRAIN PHOSPHOLIPIDE* 


By EVA C. McGHEE,t EVANGELINE PAPAGEORGE, WALTER LYON 
BLOOM, anv GEORGE T. LEWIS 


(From the Department of Biochemistry, Emory University, Georgia) 
(Received for publication, December 12, 1950) 


A small but statistically significant decrease in the phospholipide and 
neutral fat content of nervous tissue in the rabbit, following prolonged and 
| repeated insulin hypoglycemia, has been reported by Randall (1). This 
finding is in contrast to that reported by Page et al. (2), who found that a 
single convulsive attack, produced by a large dose of insulin, had no signifi- 
cant effect on the lipides of the brain of rabbits. 

It has been shown that the phospholipide turnover of the brain in the 
rat occurs at a very low rate (3), and furthermore, that the phospholipide 
| deposition and turnover in nervous tissue decrease with age (4). Hence, 
it was of interest to determine whether the change observed by Randall 
could be demonstrated within a comparatively short period of time after a 
single massive dose of insulin, and, if so, whether the alteration could be 
reversed by the administration of phospholipide or of glucose in quantities 
sufficient to overcome the hypoglycemic effect of insulin. 


EXPERIMENTAL 


In order to avoid strain-specific reactions, common hutch rabbits of 
both sexes were used indiscriminately throughout these experiments. Be- 
fore use the animals were given routine care and were maintained on ordi- 
nary laboratory rations, consisting of a commercial rabbit chow! and green 
leafy vegetables. In all experiments the animals were subjected to an 
overnight fast, and fasting blood specimens were taken before any treat- 
ment was given. . 

Routine analyses included blood glucose and lipide phosphorus of whole 
blood and of whole brain. All blood samples were obtained by heart 
puncture without the aid of anesthesia. In all cases analyses were made 
on the control fasting specimens and on samples collected terminally. 
Nelson’s colorimetric method (5) was employed for blood glucose, and 
Stewart and Hendry’s modification of the Fiske and Subbarow procedure 


* A preliminary report in which this material was included was presented before 
the Forty-first meeting of the American Society of Biological Chemists at Atlantic 
City, April, 1950 (Federation Proc., 9, 201 (1950)). 

} Data in this paper are taken from a dissertation submitted by Eva C. McGhee 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy at 
Emory University. 

Purina rabbit chow checkers, ‘‘complete ration.” 


127 











128 INSULIN AND BRAIN PHOSPHOLIPIDES 


for inorganic phosphorus (6) was used for blood lipide phosphorus. At the 
end of the experimental period the animals were killed with nembutal and 
the brain was removed without delay, care being taken in each case to 
sever the spinal cord at the same point at the base of the brain. The 


whole brain was quickly chopped with scissors and ground in a mortar 


until a homogeneous emulsion was obtained. The material was trans- 
ferred to a covered dish and weighed. Aliquot portions, the weights of 
which were determined by difference, were then removed and extracted 
immediately according to the method of Bloor (7). Brain lipide phos- 
phorus was determined by application of the Stewart-Hendry procedure 
to the extracts. Analyses of duplicate aliquots from the same brain 
agreed within the limits of experimental error, indicating that homoge- 
neous samples had been obtained. 

Normal values for the brain lipide phosphorus, to be used for compari- 
son with the terminal tissue values found in the experimental animals, 
were obtained from twelve fasting rabbits selected at random during the 
course of the investigation. 

In the first experiment, each of twelve animals was subjected to hyper- 
insulinism by the subcutaneous administration of 20 units of regular and 
10 units of protamine zinc insulin (Lilly). Water was allowed ad libitum, 
but no food was given during the experimental period. The insulin effect 
was permitted to run its course and all the animals died in insulin shock 
or were sacrificed after having been in the convulsive state for more than 
2 hours. The average survival time was 5 hours and 54 minutes. 

In the second experiment, a group of six animals was given the same 
dosage of insulin as those of the first group and under the same conditions. 


1 hour later, each rabbit received 0.5 gm. of purified lecithin (8) by intra- : 


venous administration. Blood samples were taken for analysis just be- 
fore the lecithin injection and at intervals for 5.5 hours thereafter. For 
preparation of the emulsion to be used, lecithin was precipitated with ace- 
tone from an ethereal solution of purified lecithin and dried in the open 
air. A 7 per cent aqueous emulsion was prepared not more than 18 hours 
before injection by rubbing the lecithin in a mortar and adding distilled 
water slowly. This was stored at 2° until just before injection, when it 
was allowed to come to room temperature and then administered through 
a No. 26 gage needle into a marginal ear vein. 

The possibility of a physiological effect due to a single one of the three 
variable components (lecithin, cephalin, and lipositol) found in commercial 
lecithin was ruled out by using four different lecithin preparations,’ since 


2 Indebtedness is acknowledged to the American Lecithin Company, Inc., At- 
lanta, Georgia, to the A. E. Staley Manufacturing Company, Decatur, Illinois, and 
to the Norris Candy Company, Atlanta, Georgia, for supplying three of these 
lecithins. 
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it would be expected that these would differ from each other in the rela- 
tive proportion of the components. The responses to the different prod- 
ucts were found to be similar. 

In the third experiment, the insulin was administered to each of six 
rabbits as previously, but marked hypoglycemia was prevented by two 
intravenous and eleven subcutaneous doses of 50 per cent glucose given at 
regular intervals over the 6 hour experimental period. Each rabbit re- 
ceived a total dose of not less than 21 gm. and not more than 24 gm. of 
glucose. 

Blood samples were withdrawn initially and at hourly intervals, just 
prior to the injection of glucose due on the hour. The blood glucose lev- 
els found for these samples were assumed to represent the lowest levels 
reached between glucose injections. At no time did any animal show evi- 
dence of insulin shock, and the blood glucose never fell to extremely low 
levels. Liver glycogen was also determined in this experiment and the 
mean value, as found by the Good, Kramer, and Somogyi modification of 
the Pfliiger method (9), was 3.7 per cent, indicating that no serious de- 
pletion of carbohydrate had occurred. 


RESULTS AND DISCUSSION 


Table I shows that the changes in blood glucose were as expected under 
the conditions of our experiments. Marked hypoglycemia brought about 
by insulin administration was evident except in the last experiment, in 
which glucose was given in amounts sufficient to counteract the hypo- 
glycemic effect. 

Whole blood lipide phosphorus, as is demonstrated in Table I, was not 
significantly affected by the administration of insulin alone or when ac- 
companied by lecithin or glucose. The blood lipide phosphorus was ele- 
vated 1 hour after lecithin injection, but it had dropped back to the initial 
level within the next hour. If plasma or serum had been analyzed in- 
stead of whole blood, a significant decrease of phospholipide might have 
been found after insulin treatment, as reported by Page and his coworkers 
(2) following subcutaneous administration to rabbits of 5 units of insulin 
per kilo of body weight. 

In Table II, however, it will be noted that the brain lipide phosphorus 
was consistently and significantly decreased in the three experiments, in 
all of which a state of hyperinsulinism was established. While apparently 
contradicting the work of Page et al. (2), the finding of decreased brain 
phospholipide in severe hyperinsulinism agrees essentially with that of 
Randall (1). The discrepancy with the results of Page et al. may be due 
to a difference in the amount of insulin administered, since they do not 
specify the dosage in their experiments involving brain analyses. One 
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inferred to occur in insulin as well as in epileptic convulsions. This hy- 
pothesis, however, is contrary to Yannet’s findings (11) and is, further- 
more, difficult to correlate with the results of our experiments in which 
glucose administration prevented insulin convulsions. Yannet observed 
no significant change in total water content of the brain after convulsions 
induced by subcutaneous injection of 5 to 20 units of insulin into fasting 
cats. 

The decrease in brain lipide phosphorus, which was observed in as short 
a time as 5.5 hours after the administration of massive doses of insulin, 
was not alleviated by the administration of lecithin in the amount given 
or by the administration of sufficient glucose to maintain the blood sugar 
above a convulsive level. It would appear, therefore, that the availability 
of neither phospholipide nor carbohydrate, as evidenced by their concen- 
trations in whole blood, has any effect on the level of lipide phosphorus in 
the brain of the insulinized rabbit. Thus, the phospholipide decrease in 
this organ may be considered a direct and perhaps irreversible effect. of 
hyperinsulinism. It should be borne in mind that this effect was obtained 
in severe hyperinsulinism, which is an abnormal state. Therefore, it need 
not be interpreted as being in disagreement with the work of Changus, 
Chaikoff, and Ruben (3) who have postulated a slow rate of turnover of 
phospholipide in the brain under normal conditions. 


SUMMARY 


Massive doses of insulin were administered to twenty-four rabbits: 
twelve were given no further treatment, six were given 0.5 gm. of lecithin 
1 hour after the insulin, and six were given sufficient glucose to maintain 
the blood sugar above a convulsive level in spite of the insulin dosage. 
Twelve untreated rabbits served as controls. Analyses were made for glu- 
cose and lipide phosphorus of whole blood and for lipide phosphorus of 
whole brain. 

Lipide phosphorus of whole blood was not significantly affected by the 
administration of insulin. However, the insulin treatments produced a 
consistent and significant decrease in the brain lipide phosphorus of the 
order of 10 per cent. The decrease was effected in a period of about 6 
hours and was not reversed by the administration of lecithin or glucose. 
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SOME PROPERTIES OF A BACILLOMYCIN b-CYTOCHROME c 
COMPLEX 


on, | By HOWARD TINT anp WILHELM REISS 
j (From the Wyeth Institute of Applied Biochemistry, Philadelphia, Pennsylvania) 


(Received for publication, November 14, 1950) 


Interactions between proteins and ions in solution, and between differ- 
ent protein molecules, may follow adjustment of the electrochemical en- 
vironment to produce net charges of opposite sign. The isolated protein, 
cytochrome ¢, is isoelectric in the alkaline range owing to the basic group 
in the porphyrin part of the molecule (1) and probably to the unusually 
high content of the strongly cationic lysine in the protein moiety (2). 
Thus, this protein represents a potential cation for complex formation with 
a large variety of the generally more acid proteins and other smaller an- 
ions over a wide pH range. In this respect, the system is analogous to the 
cationic behavior of protamines and histones in interactions with hemo- 
globin and casein (3), with insulin (4), and with toxoids (5, 6). Recently, 
Klotz et al. (7) have investigated the binding of penicillins by proteins 
through differential-dialysis. Spectroscopic evidence is given for the inter- 
action between cytochrome c and crystalline penicillin, with optical 
changes in the soluble derivative associated with the presence of peni- 
cillinic acid. 

In studies in this laboratory on the properties of cytochrome c, it has 
been evident that the heme protein is adaptable to complex formation 
with a variety of anions of varying molecular size. The properties of a 
specific interaction product of cytochrome c and bacillomycin b,! an anti- 
biotic substance derived from cultures of a Bacillus subtilis strain (8), have 
been examined by several physicochemical procedures. The results of 
these studies are presented in this paper. Some characteristic properties 
of the antibiotic not hitherto reported are also described. 


Properties of Reactants 


Cytochrome c—The cytochrome c employed in these studies was isolated 
from horse heart by a modified Keilin and Hartree procedure (9). The 
degree of purity and some properties of this preparation have been de- 
scribed in earlier reports (10, 11). Concentration of this protein in solu- 


‘ Bacillomycin 6 is distinguished by virtue of its specific antifungal properties 
from other antibacterial agents elaborated by the microorganism under suitable 
culture conditions. 
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tions of the present study were determined spectrophotometrically, with 
constants derived earlier (11).? 

Bacillomycin b—The antifungal principle derived from cultures of a B. 
subtilis strain was isolated by solvent extraction of the precipitate from 
acidified broth, as described by Landy et al. (8). Purification was sub- 
sequently effected by repeated crystallizations from methanol-water mix- 
tures at acid pH.* 

The purified preparation occurs as colorless microscopic needles or ro- 
settes. Elementary analysis reveals carbon, hydrogen, and nitrogen, but 
no sulfur, phosphorus, or halogens. No significant optical rotation in 
alcohol solution was observed. The crystals are readily soluble in con- 
centrated acids and lower alcohols and insoluble in ether, hydrocarbons, 
and dilute acids below pH 4.0 to 4.5.. Water solubility is slow at neutral 
pH and relatively rapid in alkaline buffers. 

Bacillomycin b is apparently a polypeptide possessing a titratable acid 
function. Qualitative analyses for amino acids upon residues, following 
hydrolysis with 6 N HCl in sealed tubes at 100° for 24 hours, by two-di- 
mensional paper chromatography (12), indicated significant quantities of 
glutamic and aspartic acids, tyrosine, serine, and threonine, and possible 
traces of alanine, valine, and isoleucine in some preparations. The pres- 
ence of the last three, however, was not confirmed in the most purified 
samples by microbiological tests (13). In these procedures Streptococcus 
faecalis R and Leuconostoc mesenteroides were employed as test organ- 
isms. Whereas the chromatogram was indicative of a high relative con- 
centration of glutamic acid, the microbiological procedure indicated only a 
trace effect upon the growth of the test organisms. This suggested the 
possibility of a relatively high p-glutamic acid content, a condition con- 
sistent with the findings of Ivanovics and Bruckner in some of the metab- 
olites of organisms in the Bacillus subtilis-mesentericus group (14) and with 
the occurrence of the same configuration in some of the amino acids elabo- 
rated by a related aerobic spore-forming organism, Bacillus brevis (15). 
A high p-amino acid content in bacillomycin b was subsequently deter- 
mined by the enzymatic action of the specific p-amino acid oxidase of 
Krebs (16) upon the hydrolysis products. This reaction was measured 
by oxygen uptake in direct Warburg manometers and was confirmed by 

the colorimetric test of Sealock (17), in which the a-keto acid formed in 
the enzyme reaction is determined with 2 ,4-dinitrophenylhydrazine. By 


2 The relationship between the molecular extinction coefficient (em) and the op- 
tical density of the solution (D) is expressed as en = D/(c X d) (c, concentration 
(moles per liter), d, length of optical path in solution (1 cm.)). The concentration 
of cytochrome c in solution may then be calculated as c (mg. per ml.) = (D X 12,270 
(molecular weight))/27,840 (en) = D X 0.441. 

3 Alburn, H. E., and Williams, E. C., unpublished data. 
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both methods, a D-amino acid content in excess of 50 per cent was 
indicated. 


EXPERIMENTAL 


Formation of Complex 


A solution of 500 mg. of crystalline bacillomycin b was made in distilled 
water containing 1 drop of concentrated NH,OH at room temperature. 
An equal volume of a neutral saline (0.5 per cent) solution of cytochrome 
c, containing a total pigment content of 357.5 mg., was then added. The 
pH of the resultant, clear red solution was 8.5. Hydrochloric acid (0.2 Nn) 
was then added dropwise with stirring and the change in pH was followed 
with the glass electrode. A tacky, red precipitate began to form at pH 
5.7 to 5.8 and continued until pH 5.0 was reached. In view of the normal 
solubility of the red cytochrome c at all pH levels, it was apparent that 
the protein was being salted-out by the anionic antibiotic at a pH alkaline 
to the normal insolubility range of the polypeptide. The precipitate was 
removed by centrifugation and additional acid added to the supernatant 
solution. Only a trace of additional precipitate developed with further 
acidification to pH 3.0, indicating the exhaustion of soluble bacillomycin b. 
The supernatant was amber-red, with the typical color of acid-treated 
cytochrome c. The precipitated fractions were redissolved with NH,OH 
in distilled water and reprecipitated at a lower limit of pH 5.0. In this 
instance, in the absence of salt, a light flocculent precipitate was obtained. 
The precipitation procedure was repeated several times and the faintly 
pink supernatants were added to the original excess cytochrome solution. 
The final product was then dried to constant weight at room temperature 
in vacuo over P2Os5. The total amount of cytochrome c, which was not 
allowed to react, in the combined supernatants was 70.4 mg., indicating 
that 287.1 mg. of the protein had combined with the starting weight of 
the polypeptide in the formation of the precipitate and that the cyto- 
chrome content of the net product by calculation was 36.5 per cent. The 
protein content of the dried product by direct assay was 38.4 per cent. 

To test the constancy of the combining ratio of the components, ad- 
ditional precipitations were carried out with variable quantities of each 
constituent. The preparations were collected after a single precipitation, 
washed repeatedly by suspension in distilled water, and then dissolved in 
distilled water with NH,OH and lyophilized. The preparations, dried to 
constant weight over P,Os, were then assayed for constituent content 
(Table I). 

A definite tendency toward a constant combining ratio was evident from 
these trials. In Preparation D (Table I), in the presence of a considerable 
excess of the polypeptide, the ratio was altered somewhat by the apparent 
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coprecipitation of bacillomycin b. From these data and other determina- 
tions derived from additional precipitations under similar conditions (to- 
tal of six preparations), an average cytochrome c content in the precipitate 
of 38.5 per cent (c = +1.9 per cent) was calculated. 


Electrophoresis 


Electrophoretic studies upon preparations of the interaction product 
and its components were carried out at 0.5° in the Tiselius apparatus de- 
scribed by Longsworth (18). A tall form (11 ml.) of electrophoresis cell 
was used. The special techniques involved in the observation of optically 
dense solutions containing cytochrome c have been described (10). The 
areas of the peaks corresponding to the components in the system were 
determined with a planimeter from enlarged tracings of the patterns. In 

















TaB_e I 
Interaction of Varying Concentrations of Bacillomycin b and Cytochrome c 
Quantities used Constitution of product 
‘ Dried product 
Preparation recovered Cytochrome | Bacillomycin 
Bacillomycin 5 | Cytochrome ¢ content by content by 
assay difference 
mg. mg. mg. per cent per cent 
A 50 179 73 38.2 61.8 
B 100 134 145 39.5 60.5 
Cc 150 89 214 36.8 63.2 
D 200 45 118 31.6 68.4 

















many of the runs, the patterns from both legs of the cell were highly asym- 


metrical. This condition precluded the calculation of ascending mobilities | 
| ries a 


by the usual procedure of compensating for dilution effects at the 6 bound- 
ary in terms of area comparisons in corresponding rising and falling peaks 
(19). Mbobilities of components in either leg, reduced to 0.5°, were there- 
fore calculated from the displacement of the boundaries from the position 
of the 6 or e peak by comparison with a displacement scale calculated for 


each pattern in terms of unit mobility and superimposed upon the pattern | 


tracing.’ 
The preparation of horse cytochrome ¢ migrated as a single component 
with symmetrical patterns from pH 4.0 to 12.0 with the typical mobility 


“te 
4 The relationship 7 = 7, may be derived from the usual formula for mo- 


bility calculations (19) where zx is the unit displacement (cm.), u, mobility unit [ 


(1 X 10-5 sq. cm. per volt per sec.), 7, current (amperes), t, duration of run (seconds), 
F, enlargement factor of pattern, Q, cross-sectional area of cell (sq. em.), and k;, 
specific conductance of the solution (mho per cm.) at 0.5°. 
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curve and isoelectric point (approximately pH 10.8, referred to 0°) char- 
acteristic of this protein (10). A representative pattern is shown in Fig. 1. 

Preparations of bacillomycin 6b crystals in 1 per cent solution in acetate 
buffer, pH 5.5 and 0.1 ionic strength, migrated as single components with 
symmetrical patterns at a mobility of approximately 7.0  10-° sq. cm. 
per volt per sec. The migration was anodic, suggesting that the isoelectric 


‘ BAGILLOMYCIN B 
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Fig. 1. Electrophoretic patterns of the interactants. Position of initial bounda- 
ries at 0 on mobility scales; positive mobilities in direction of cathode, negative 
mobilities toward anode; R, rising and D, descending boundaries. Bacillomycin b, 


2.0 per cent solution in sodium diethyl barbiturate buffer at pH 8.6 and 0.15 ionic 
strength (including 0.075 n NaCl); potential gradient, 4.0 volts per em. Cyto- 
chrome c, 1.5 per cent solution in barbiturate buffer at pH 8.4 and 0.20 ionic strength 
(including 0.1 N NaCl); potential gradient, 4.0 volts per em. 


point lies at or beyond the level of minimum solubility at pH 4.0 to 4.5. 
However, in buffers alkaline to this level (phosphate at pH 6.7 and veronal 
at pH 8.4 and 9.2), whereas the direction of mobility was unchanged, the 
symmetrical aspect of the patterns was no longer evident, as illustrated in 
Fig. 1. At the cathode a rapid, diffuse boundary representing 5 to 15 per 


_ cent of the refractive gradient areas of different preparations migrated in 


advance of a considerably larger and sharper main peak. There was no 
evident counterpart to the leading component in corresponding anodic 
patterns; however, frequently a small disturbance upon the base-line mi- 
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grated in advance of the principal ascending boundary with a mobility in | wa 
the same fast range. In some preparations, at concentrations of poly- | stu 
peptide between 1 and 2 per cent, there was frequently shoulder develop- | the 


ment upon the rising peak as illustrated with bacillomycin b in Fig. 1. 
At higher concentrations, actual resolution into two ascending peaks took 
place; however, these were separated by less than 1 mobility unit. The | 
asymmetry in patterns of bacillomycin b in alkaline solution is similar to 
that described for purified a-casein in veronal buffers by Warner (20) and 
in some details recalls the extra boundary formation described by Moore 
and Lynn (21) in electrophoresis of serum in the same buffer. The sep- 
arated slow component on the descending side was quantitatively similar 
in antifungal activity by plate assay (8) with the starting preparation, 
whereas the faster, ascending component was considerably less active in 
the isolated state. It thus appears that bacillomycin b is itself probably 
a complex of two closely related substances of comparatively similar prop- 
erties, which differ perhaps in having a single active group® or vary 
slightly in configuration. 

Electrophoretic studies of preparations of the complex were carried out | 
in veronal buffer, pH 8.7, ionic strength 0.15 (including 0.075 n NaCl). 
As shown in Fig. 2, two preparations demonstrated a major descending 
red peak at the cathode, with a mobility considerably below that of free 
bacillomycin and in a direction opposite to that of free cytochrome c. In 
the pattern of Sample B (Fig. 2), a very small, rapid, and diffuse peak 
corresponded to that usually seen in the polypeptide runs. A small, red- 
colored peak rose at the cathode with a mobility approximately that of 
free cytochrome. No counterpart of this peak was seen at the anode, 
On the positive side of the channel, the main red peak was diffuse from 
the point of origin to a position representing approximately 4 to 5 mobility 
units. A smaller, colorless, fast peak was also seen at the anode, witha 
mobility of direction and magnitude similar to that of free bacillomycin b. 

; : ; ane Fr 
Both preparations gave evidence in the principal component at the anode prion 
of double peak formation with close mobilities, a condition consistent with | ang 9 
the dual electrophoretic nature of bacillomycin itself. cm. 

Limited dissociation due to electrophoresis in a specific ionic medium} (dotte 


appeared thus to result in the unilateral appearance of the free constit- ., 
uents. Since the formation studies suggested that complex development} ’~ 
patte: 


5 The tyrosine content of the polypeptide has been associated with antifungal 
activity. Treatment of a colorless solution of bacillomycin b with a mushroom> COMp 
phenolase preparation (Syn-Zyme Laboratories, Inc., New York) in the presence of less a: 
free oxygen (22) led to rapid inactivation of the antibiotic with concomitant loss 0! ary W 
a specific ultraviolet absorption spectrum associated with its tyrosine content. E 

’ ‘ eee apes ach 
The formation of quinone oxidation products was indicated by color development 


in the medium. patter 
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was favored by low ionic strength, further dissociation of the complex was 
studied at higher ionic strength (0.35, by the further addition of NaCl to 
the basic buffer). As is seen in Fig. 3, two main peaks with symmetrical 


SAMPLE A 
100 MINUTES 


A 


x - cs CO Ss —s se “0 -15 










193 MINUTES 











ma at eer ee a = 
“5 0 5 15 
SAMPLE B 
90 MINUTES mv 
a sr om Ww <6 3 ee x ¥ -§ -10 -15 


CATHODE ANODE 
D<—+—>R-—— D+ > R 


MOBILITY UNITS = CM® x VOLT x SEC x 10° 


Fic. 2. Electrophoretic patterns of two preparations of the bacillomycin-cyto- 
chrome complex. Sample A, 1.9 per cent solution in barbiturate buffer at pH 8.6 
and 0.15 ionic strength (including 0.075 N NaCl); potential gradient, 4.0 volts per 
cm. A portion of the anodic pattern of the 193 minute sample is reconstructed 
(dotted lines) in terms of the relative areas and mobilities in the earlier pattern, 
since the fast component migrated from the cell in the duration of the run. 


Sample 
B, 2.5 per cent solution in the same buffer and field strength as above. 


patterns appeared at both electrodes, thus suggesting full resolution of the 
component parts. At the anode, the principal rising boundary was color- 
less and hence pure polypeptide, whereas at the cathode, the rising bound- 
ary was red and its mobility approximated that of free cytochrome (10). 
Each of these components had a corresponding peak in the descending 
patterns. A comparison of the areas between the two peaks from each 
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leg of the cell yielded an average area ratio of 0.69:1, corresponding to 
the cytochrome-bacillomycin ratio. Assuming proportional distribution 
of concentrations, the cytochrome thus represented approximately 41 per 
cent of the total refractive index gradient. This value was in general 
agreement with the analysis of the starting preparation (average cyto- 
chrome content 38.5 per cent; cytochrome-bacillomycin ratio, 0.63:1). 
High ionic strength depressed the average mobility of the bacillomycin 
peak to a level of approximately 9 to 10 mobility units, whereas the mo- 
bility of the cytochrome was only slightly depressed under the same con- 
ditions. The buffer peaks appeared somewhat larger than might be ex- 
pected from the particular solute concentration, which suggested the 
possibility that small amounts of undissociated complex remained. This 
condition was confirmed by mixing the contents of the electrophoresis cell 


FIGURE 3 
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Fic. 3. Electrophoretic patterns of the complex; 1.4 per cent solution in bar- 
biturate buffer at pH 8.6 and 0.35 ionic strength (including 0.275 n NaCl); potential 
gradient, 4.0 volts per cm. 


and then adjusting the pH of the solution to 5.0, the normal precipitation | 


level of the complex. The formation of a light turbidity resulted, cor- 
responding to a trace amount of the formed complex, and the bulk of the 
reactants remained unassociated at 0.35 ionic strength. Dialysis of the 
mixture against distilled water, at the same low pH, subsequently resulted 
in complete reprecipitation of the complex. 


was analyzed at a pH alkaline to the isoelectric point of the protein (gly- 


cine buffer, pH 11.81, and 0.1 ionic strength), as shown in Fig. 4. Sym 


metrical patterns with respect to the two interactants were evident. At 
the cathode, a fast peak (16 to 17 units) descended into the mixture, fol 
lowed by a slower red component with a mobility equivalent to that d 


free cytochrome at this pH. At the anode, colorless material rose rapidly, f 


but not in a single peak resembling the counterpart at the anode. The 
tendency of the polypeptide to dissociate into more than one peak in a 
cending boundaries, as discussed earlier, is consistent with the presumably 
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complex nature of bacillomycin itself. The slower rising red peak at the 
anode had a mobility again equal to that of free cytochrome. 

In Fig. 4, the patterns suggested resolution of the principles; however, 
the cytochrome-bacillomycin area ratios by direct integration were 1.62:1 
instead of the anticipated level of 0.58:1. This inconsistency resulted 
from the loss of free polypeptide during the dialysis procedure (72 hours 
at 5.0°) preparatory to electrophoresis. Dialysis was begun with 200 mg. 
of complex composed of 73.5 mg. of protein and 126.5 mg. of polypeptide, 
as calculated from the cytochrome c content determined. No cytochrome 
was lost in the dialysis at high pH, as evidenced by the lack of color in the 
dialysate; therefore, to account for the quantitative ratio change, 60.9 
mg. of bacillomycin had to pass through the membrane. Analysis of the 
dialysate by ultraviolet absorption revealed a net polypeptide content of 


FIGURE 4 
errr revere rit o cult liL 
20415 10-5 0 0 -5 +10 -15 -20 


CATHODE ANODE 
De R D<+—>R 
MOBILITY UNITS = CM? x VOLT" x sec x 10° 


Fic. 4. Electrophoretic patterns of the complex; 1.33 per cent solution in 
glycine-NaOH buffer at pH 11.8 and 0.1 ionic strength; potential gradient, 4.0 


volts per cm. 

71.2 mg. With allowance for large dilution errors, this figure was in sub- 
stantial agreement with the theoretical loss of bacillomycin to account for 
the altered ratios in the pattern. 

The slow component in Fig. 4 had no demonstrable bacillomycin con- 
tent. The pure peak at the cathode was isolated from the electrophoresis 
cell and examined spectrophotometrically. The absorption at 550 my of 
the reduced sample was of the same magnitude (D = 1.20) as the same 
concentration of preparation at 275 my (D = 1.26). As will be shown 
later, a 1:1 ratio of extinction at these wave-lengths is characteristic of 
the pure ferroheme (1). When bacillomycin is present in the mixture, 


the ultraviolet absorption is quantitatively increased, whereas that in the 
visible spectrum remains unchanged. 


Spectrophotometry 


Spectrophotometric studies of the interactants and their complex were 
performed upon the Beckman spectrophotometer (model DU) in the vis- 
ible and ultraviolet ranges with cells of 1 em. and 1 mm. optical paths. 
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All samples were diluted to yield densities in the optimum range of the 
instrument. The absorption characteristics in the visible range of the 
cytochrome c preparation conformed to the specifications outlined for the 
oxidized and reduced protein in buffers at various levels of pH (1, 2, 11). 
In the ultraviolet region, as illustrated in Fig. 5, the preparation without 
reduction demonstrated generally diffuse maxima at 270 to 285 muy and 
355 to 370 mu, corresponding to values reported by Theorell (1) for the 
oxidized form of cytochrome c. 

Bacillomycin b, in aqueous solutions at various levels in the solubility 
range, had negligible base-line absorption in the visible spectrum; how- 
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Fig. 5. Ultraviolet absorption spectra of cytochrome c and two preparations of 


the bacillomycin-cytochrome complex in phosphate buffer, pH 7.0. Complex A, | 


40.7 per cent cytochrome; Complex B, 35.8 per cent cytochrome. 
Fia. 6. Influence of pH change on the absorption spectrum of bacillomycin 6. 


ever, absorption maxima were evident in the ultraviolet range. Examina- 
tions were made in buffered solutions (Coleman standard buffer tablets, 
0.1 m) at levels of pH 7.0, 9.0, 9.6, 10.0, 10.4, 10.8, 11.0, 11.8, and in 6y 
HCl. In the buffers acid to and including pH 9.0, there was a single 
broad maximum at 275 mu. This peak began to shift tautomerically to 
wider band at pH 9.6 and 10.0, reaching a level of 295 my in the more 


alkaline systems. Representative spectra to illustrate this shift are shown | 
in Fig. 6. An isosbestic point, indicative of resonator changes accom- | 


panying the shift in maxima \7i pH, is evident in Fig. 6. In ger 
eral, the behavior of bacillomyc.u 6 in the ultraviolet region, which re 
mains unchanged even after vigorous hydrolysis by strong acids, resembles 


closely that reported for pure tyrosine (23), with the possible exception oi | 


a somewhat increased end-absorption. 


XUM 











TI 
air-d 
respc 
prepé 
a ma 
ing a 
absot 


parec 


120f 


80r 


% 
tem 


60} 
40} 


20r- 





Fia 
the cy 

Fig 
compl 
c; Con 
of the 
sharp 
mu. 
dicate 
their 1 
eral c¢ 
at the 
the p1 
(7) in 
cillins. 
amour 
Was at 
betwee 








a tts 








H. TINT AND W. REISS 143 
































the | The properties of two preparations of the complex (A, lyophilized, B, 
the | gir-dried) dissolved in 0.1 m buffer at pH 7.0 were then examined in cor- 
the | responding spectral ranges. The ultraviolet curves for the unreduced 
Ll). | preparations are shown in Fig. 5. A generally broad extinction band with 
out | » maximum level in the range of 275 to 280 my was evident, demonstrat- 
and | ing a proportionately increased extinction with reference to the base-line 
the | absorption in this region in contrast with the cytochrome preparation. 
The absorption spectra of the preparations in the visible range com- 
ility | pared to that of untreated cytochrome c are shown in Fig. 7. The curve 
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the cytochrome c-bacillomycin b complex in 0.1 m phosphate buffer, pH 7.0. 

Fic. 8. Absorption spectra of fully reduced cytochrome c and preparations of the 
complex at pH 7.0 in 0.1 m phosphate buffer. Complex A, 40.7 per cent cytochrome 
c; Complex B, 35.8 per cent cytochrome. 


of the latter was typical of that reported for ferricytochrome c (1), with a 
sharp peak at approximately 409 my and a smaller, broader peak at 530 
mu. ‘The corresponding curves for each preparation of the complex in- 
dicated similar absorption at a lower level, in quantitative agreement with 
their reduced cytochrome content. However, superimposed upon the gen- 
eral contour of the ferriheme curve were small maxima at 520 and 550 mu, 
at the positions normally representing maxima in the ferroheme form of 
the protein (1). A similar condition has been reported by Klotz et al. 
(7) in the spectrum of cytochrome c after interaction with various peni- 
Upon full reduction of the complex preparations with a trace 
amount of sodium dithionite, the typical spectrum of ferrocytochrome c 
was attained, as shown in Fig. 8. From the ratio of extinction coefficients 
between the cytochrome control and the complexes, at various wave- 
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lengths, the cytochrome content in each preparation was calculated: Com- 
plex A, 40.7 per cent, and Complex B, 35.8 per cent (Fig. 8). These 
values correspond to the average of 38.5 per cent earlier obtained in the 
formation experiments. 


In general, at the pH and ionic strength of the spectrophotometric | 


studies, the complex represented the sum of the absorption characteristics 
of the individual reactants, the cytochrome portion apparently having 
undergone slight and incomplete reduction. 


Titration 


A preparation of the complex (cytochrome content 38.2 per cent), com- 
prising a dry weight of 57.6 mg., was dissolved in 3.0 ml. of 0.1 n NaOH, 
diluted to 20 ml. with distilled water, and then titrated potentiometrically 
with 0.1 n H.SO,. Changes in pH at room temperature were followed 
with the glass electrode. The titration curve for this preparation is shown 
in Fig. 9, A. From the end-point of the titration (2.67 ml. of acid), an 
equivalent weight for the complex of 1745 was calculated. Upon reduc- 
tion of this value in terms of the known bacillomycin content (35.6 mg.), a 
value of 1008 was obtained. The titration was discontinued at pH 5.75 
at the beginning of precipitation of the complex. 

In a number of titrations of crystalline bacillomycin, under comparable 
conditions, curves with practically identical characteristics were obtained. 
These curves indicated an equivalent weight for bacillomycin in the range 
875 to 1005 and pH values for half neutralization of 5.6 to 5.7. All the 
preparations precipitated from solution at pH 4.5 to 4.0. A representa- 
tive curve is shown in Fig. 9, B. From the similarities in the titration 
curves of the complex and the polypeptide, with the close correspondence 
of reference points, it appears that the acid-titratable groups of the bacil- 
lomycin portion of the complex are quantitatively available for neutraliza- 
tion and are probably not individually involved in the formation of the 
complex. 


Activity 


The complex, representing the union of an oxidation-reduction catalyst 
and an antifungal agent, was examined in respect to these individual prop- 
erties. The activity of the preparations was tested with cytochrome 
oxidase from hog kidney (24) upon a hydroquinone substrate (final con- 
centration, 0.01 m) in Warburg manometers. The catalytic activity was 
evaluated by measuring oxygen comsumption at constant temperature 
(28.5°) in phosphate buffer (0.05 m), pH 7.1, the reaction being stabilized 
by the presence of 0.02 m 1-phenylsemicarbazide in the mixture (25). In 
all mixtures containing cytochrome c, whether free or combined, the con- 
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centration of the protein was so low as to be limiting in the reaction, 
whereas the oxidase was in excess. In one test, the activity of 0.175 mg. 
quantities of cytochrome c per flask was compared to 0.455 mg. quantities 
of the complex, the weight increment of the latter being based upon the 
ralculated cytochrome content. The reaction curves are shown in Fig. 
10. Controls containing oxidase and substrate alone and others with 
equivalent amounts of bacillomycin (0.28 mg.) were included. The agree- 
ment in activity between the weighted quantity of complex and the con- 
trol is evident. The activity of the oxidase and pure bacillomycin con- 
trols was negligible in comparison. 
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Fic. 9. Comparative titration curves: A, complex (bacillomycin content 61.8 per 
cent); B, crystalline bacillomycin b. 

Fic. 10. Comparative oxygen uptakes for cytochrome c (Curve 4) and a prepara- 
tion of the complex (Curve 3) are shown, the flasks containing equivalent weights 
of the heme-protein; substrate hydroquinone is in the presence of a cytochrome 
oxidase preparation. Blanks for the oxidase alone (Curve 1) and the oxidase plus 
comparable amounts of added bacillomycin b (Curve 2) are included. 


In another series, the complex was compared upon an equal weight basis 
with the control (1.0 mg. per flask). The rates of oxygen consumption 
indicated an activity ratio of the control to the complex of 2.66:1, and 
thus in quantitative agreement with the corresponding ratio of cytochrome 
content (2.62:1, based on a cytochrome content in the complex of 38.2 
per cent). 

The antifungal properties of the complex were tested in replicate sam- 
ples by the plate-dilution method described by Landy et al. (8). Various 
preparations ranged in activity from 1.75 to 2.0 arbitrary inhibition units, 
in comparison with a crystalline bacillomycin b sample assaying 2.62 units 
on an equal weight basis under the same conditions. The activities thus 
ranging from 67 to 76 per cent of the control activity were in agreement 
with the estimated antibiotic content of the complex. 


a 
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Acute toxicity studes in mice by intravenous injection of graded doses 
of the complex and antibiotic control were also carried out on equal weight 
bases. The LDs of the former in the range of 75 to 200 mg. per kilo, in 
comparison with that of the latter in the range of 50 to 75 mg. per kilo, 
was also in some measure of agreement with the fractional polypeptide 
content of the complex. 


DISCUSSION 


Interaction and complex formation among components in systems con- 
taining proteins and other large ions are studied to advantage by electro- 
phoretic techniques. In the ideal system containing unassociated 
components, the volumes swept through by the rising and descending 
boundaries corresponding to each component are practically identical 
and proportional to the respective individual mobilities. The patterns at 
both electrodes are symmetrical with respect to number and areas of peaks 
within limits set by the 6 and e effects (19). However, when the electro- 
phoresis of a protein preparation reveals departure from ideality by the 
asymmetrical development of patterns at either electrode, the condition is 
presumed to result from an interacting system. 

The interaction of proteins and other high molecular weight ions has 
occurred mainly in the pH range at which the individual components have 
opposite net electrical charges, as protein-protein interactions in the inter- 
isoelectric zone (26) and protein-high molecular weight anion interaction 
on the acid side of the isoelectric pH of the protein (27). On the other 
hand, a potential interacting system may occur between a protein and a 
relatively low molecular weight electrolyte at pH levels at which both 
components have the same sign of net charge, provided some of the ion- 
ized protein groups are individually oppositely charged and may them- 
selves associate with the smaller ions (28, 29). An association of the 
former type apparently arises from electrostatic forces involving the sum 
of the ionized groups of the oppositely charged molecules, whereas, in the 
latter instance, the association may not be wholly ionic and forces more 


specific in character, as involving hydrogen bonding, may be concerned. | 


The system examined in the present experiments, comprising a mixture 
of cytochrome c and bacillomycin b, represents an analogue to the general 
interaction between a cationic protein and a high molecular weight poly- 
peptide with anionic function in its water-soluble range. The admixture 


of the two in solutions between the acid precipitation level of the poly- | 


peptide and the alkaline isoelectric pH of the protein was seen to result in 
complex formation, with typical anomalous electrophoretic behavior. 


The available data suggest that primarily electrostatic forces are re- 
sponsible for the association of these 2 molecules. The complex, repre- 
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senting the aggregate of two oppositely charged colloids, was characterized 
by a fixed or stoichiometric ratio of its components, regardless of the pro- 
portions combined for its formation, and, presumably by neutralization of 
charges, it was generally less soluble in the formation range than either of 
its constituent molecules. On the other hand, complete resolution of the 
individual components was evident at a pH slightly alkaline to the iso- 
electric point of the protein, at which like net charges in both molecules 
prevailed. 

The behavior of the complex with respect to ionic strength is further 
evidence in support of this interpretation of the forces involved in the 
interaction. When electrostatic or interionic forces have been the primary 
interacting mechanism in complex formation, electrophoretic studies have 
shown that increased ionic strength at constant pH decreased the asym- 
metry and complexity of the patterns (26, 27, 30). A definite tendency 
for practically complete release of the individual components was similarly 
seen in the present studies at high ionic strength, whereas, as has been 
noted, formation of the complex proceeded most readily at minimum ionic 
strength. 

The analytical data of these experiments have shown the properties of 
the complex to represent quantitatively the sum of the individual prop- 
erties of the interactants. By the methods available for testing some 
specific functions of the individual components, it appears that these ac- 
tive groups are not involved or altered in the formation of the complex. 


SUMMARY 


A crystalline anionic polypeptide, bacillomycin b, and purified cyto- 
chrome c formed an insoluble complex of constant combining weight ratio 
(38.5 per cent cytochrome, 61.5 per cent bacillomycin) in solutions of low 
ionic strength and acid to the isoelectric pH of the protein. In its soluble 
range, the complex demonstrated characteristic anomalous electrophoretic 
behavior. Its dissociation was favored in solutions of high ionic strength 
and pH alkaline to the interisoelectric range. Some physical and bio- 
logical properties of the complex were seen to represent the sum of the 
corresponding characteristics of the individual components, which sug- 
gested that the associated functional groups were probably not individu- 
ally directly involved in the formation. The accumulated data suggest 
that the forces involved in the formation of the complex are probably 
primarily electrostatic in nature. 


The writers are indebted to the following members of this institute: Dr. 
H. E. Alburn and E. C. Williams for crystalline preparations of bacil- 
lomycin b, T. R. MacRae for chromatographic analyses, L. G. Colio for 
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microbiological studies, and A. J. Begany and A. Blumenthal for toxicity 
trials. T 
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‘ An important réle for pantothenic acid in carbohydrate metabolism was 
150). I Pp y 
Exp. suggested by studies in which pantothenic acid-deficient bacteria (1, 2) and 


liver (3) were observed to utilize pyruvate at rates much less than normal. 
The subsequent discovery of Lipmann and his colleagues that the coen- 
zyme of acetylation (coenzyme A) (4) contained pantothenic acid (5) pro- 
vided a stimulus for the reinvestigation of the réle of this vitamin in the 
physiological utilization of pyruvate and acetate. In both deficient bac- 
, 175 § teria (6) and animal tissues (7) it was found that depressed pyruvate utili- 
zation was associated with decreased coenzyme A levels, and that supple- 


937). 


941). § mentation of deficient organisms with pantothenic acid resulted in a prompt 
synthesis of coenzyme A, with a concomitant stimulation in pyruvate 
metabolism. 

0). Although liver tissue from deficient animals showed the most striking 


depletion of coenzyme A, with a corresponding reduction in pyruvate 
utilization (7), cardiac muscle from deficient rats and ducks also showed 
lowered coenzyme levels and a significantly depressed pyruvate metabo- 
lism. In view of previous studies from this laboratory on the effects of 
ies B, | vitamin deficiency upon the metabolism of cardiac muscle (8, 9) it seemed 
- of interest to study the effects of pantothenic acid deficiency upon surviv- 
ing heart tissue more intensively. Because of the importance of coenzyme 
). Ain acetylations (10-12) the metabolism of both acetate and pyruvate was 
studied in homogenates and slices of cardiac muscle from deficient and 
(1949). | control ducks. In order to evaluate the rates of oxidation of these com- 
(1950). | pounds, radioactive pyruvate, containing C™ in either the carboxyl or car- 
bonyl group, and radioactive acetate, containing C™ in the carboxyl group, 
were employed in some experiments. The results support the view that 
pantothenic acid as coenzyme A is concerned with the physiological oxida- 
tion of acetate and with the oxidation of the C2 fragment derived from 
_ pyruvate. A preliminary report of these experiments has been made (13). 


. Soc., 


* Supported in part by grants-in-aid from the Life Insurance Medical Research 
» Fund, New York, Swift and Company, Chicago, and the Nutrition Foundation, 
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150 METABOLISM OF CARDIAC MUSCLE 


EXPERIMENTAL 


Day-old white Pekin ducklings, averaging 50 gm. in weight, were placed 
in heated, raised bottom cages in groups of five and fed an adequate purified 
diet (7) until they reached a weight of 150 gm. (6 to 8 days). At this time 
they were divided into experimental and control groups; the experimental 
group was fed the adequate diet less pantothenic acid until the deficiency 
signs of anorexia, loss in weight, and conjunctivitis appeared. Attempts to 
induce the deficiency in 1 to 6 day-old ducklings resulted in such a high 
early morbidity and mortality that they were abandoned (14). One group 
of controls received the adequate diet ad libitum, while the other control 
groups were pair-fed with the corresponding deficient groups. In several 
curative experiments, sodium pantothenate (10 mg. per 100 gm.) or thia- 
mine hydrochloride (100 y per 100 gm.) was injected intraperitoneally into 
deficient ducklings prior to sacrifice. 

General Procedure—Deficient ducklings and their corresponding controls 
were taken for studies in vitro of cardiac muscle metabolism when definite 
weight loss and the other deficiency signs were evident, usually 8 to 16 days 
after initiation of the deficient régime. The technique employed in the 
preparation of the tissue slices and the medium used for suspension of slices 
and homogenates were the same as previously reported (8). Homogenates 
were prepared by adding 9 volumes of saline-phosphate medium to a 
weighed portion of chilled ventricle and homogenizing in a loose fitting 
motor-driven parallel-grind type of tissue homogenizer. Homogenate in 
the amount of 0.5 ml. was then pipetted into the main chamber of prepared 
Warburg flasks containing 0.2 ml. of substrate solution in the side arm 
(when present) and 0.2 ml. of 10 per cent KOH in the center well. Since 
neither cytochrome c at 10-> m nor adenosinetriphosphate (ATP) at 107m 
had any consistent effect upon the respiration of 0.5 ml. of heart homo- 
genate per 3 ml. of medium in preliminary tests over a 1 hour period, these 


supplements were omitted in the experiments reported here. The same | 


standard Warburg manometric procedure that was used in previous studies 
(8, 9) was employed in these experiments. ‘The gas phase was pure oxygen 
in experiments with slices and air in experiments with homogenates. Sub- 
strates were added from the side arm at zero time and the oxygen uptake 
was measured at 37° for 1 hour. In studies of the effect of supplements 
added in vitro, the substance was added to the main chamber at the be- 
ginning and allowed to react with tissue components during the period d 
equilibration prior to addition of substrate. In experiments with radic- 
active substrates, the CO, was recovered from the center well as BaC"0; 
plated as a thick watery suspension on tared cups, dried under an infra-rel 


light, and counted with a thin window Geiger-Miiller counter, as previous | 
described (8). The corrections for self-absorption were made according ti} 
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the data of Solomon, Gould, and Anfinsen (15). All values for center well 
radioactivity were also corrected for any spontaneous decomposition of 
substrate during incubation. The rates of disappearance of pyruvate and 
appearance of lactate were determined chemically (8). 

Substrates—Both isotopic and non-isotopic acetate and pyruvate were 
used as substrates in these experiments. The non-isotopic acetate was 
commercial anhydrous sodium acetate (analytical reagent) which was 
heated momentarily to 400° to remove traces of water and then cooled in 
vacuo over POs. Radioactive acetate containing C™ in the carboxyl was 
synthesized from CO, by Grignard condensation as described by Sakami, 
Evans, and Gurin (16). The product, which contained 3 X 108 c.p.m. 
per mM, was diluted with non-isotopic acetate in saline-phosphate medium 
for Warburg experiments so that the substrate solution was 0.075 m with 
regard to acetate and contained 2 X 10°c.p.m. perm. 0.2 ml. of this so- 
lution was placed in the side arm and tipped into the main chamber at zero 
time to give an initial concentration of 5 mM per liter. The carbon content 
and radioactivity of all substrate solutions were determined by wet com- 
bustion of an aliquot according to the procedure of Van Slyke and Folch 
(17), the absorbed CO, being plated as BaC“O; and counted in the usual 
manner. 

Non-isotopic sodium pyruvate was prepared as previously described (8). 
Pyruvic acid containing C“ in the a-carbon atom was synthesized from 
carboxyl-labeled acetate according to the procedure of Gould et al. (18). 
The final product was crystallized from dilute ethanol as the anhydrous 
sodium salt. Analyses for carbon content and radioactivity were carried 
out by the wet combustion technique of Van Slyke and Folch (17), as 
above, and the keto acid equivalent determined by the method of Friede- 
mann and Haugen (19). The following analyses were obtained on the 
crystalline sodium salt of carbonyl-labeled pyruvate used in these experi- 
ments; viz., theory for Cs;H;0;Na, C 32.75; found, C 32.99, 32.43; carbonyl 
content mM per mM, 1.02, 1.03; radioactivity, 3.4 X 10‘ c.p.m. per mm. 

Pyruvie acid containing C“ in the carboxyl was synthesized from non- 
isotopic acetyl bromide and Cu,(C™“N). under the same conditions as indi- 
cated above (18). For the preparation of labeled cuprous cyanide, copper 


sulfate was reduced with sodium bisulfite and labeled sodium cyanide! 


added (20). The precipitated cuprous cyanide was washed with water and 
ethanol and dried prior to treatment with acetyl bromide. The final pro- 
duct, crystallized from dilute ethanol as the anhydrous sodium salt, gave 


| the following analyses: theory for C;H,;03;Na, C 32.75; found, C 32.55, 


32.05; carbonyl content mm per mm, 1.02, 1.04; radioactivity, 2.7 x 104 


‘Prepared by Dr. R. B. Loftfield of the Massachusetts Institute of Technology. 
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Supplements—Sodium pantothenate was prepared by dissolving calcium 
pantothenate in water and precipitating the calcium with sodium phos- 
phate. The solutions used in the Warburg experiments were made up 
0.003 m in phosphate-saline and 0.2 ml. of this solution was added tc the 
main chamber of the Warburg flask to give a concentration of 0.2 mm per 
liter (= 95 y of calcium pantothenate per ml.). A partially purified prep- 
aration of coenzyme A was made by precipitating a 5 per cent trichloro- 
acetic acid filtrate of boiled rabbit liver with 10 volumes of acetone. After 
decantation, centrifugation, and repeated washings of the precipitate with 
ethanol and ether, a yellowish powder containing 12 acetylation units of 
coenzyme A per mg. was obtained. 

Vitamin and Coenzyme Assays—Analyses of heart muscle and coenzyme 
A supplements for coenzyme A were carried out according to the procedure 
of Kaplan and Lipmann (21). In a few cases, analyses for thiamine were 
made by the thiochrome method of Wang and Harris (22) after incubation 
with mylase P at pH 4.5. 

Calculations—The results obtained in the respiration experiments are 
expressed in terms of microliters of substrate or gas used or formed per mg. 
of dry weight of heart muscle per hour (1 um = 22.4 ul.), the so called met- 
abolic quotient (Q). This practice insures that all metabolic measure- 
ments are in molar relationship to each other. The calculation of the net 
—Qpyruvate, Which involves an error no greater than 5 per cent (23), and 
the calculation of the rate of oxidation of individual carbon atoms of radio- 
active acetate and pyruvate in terms of Qc11o, have been carried out as 
previously described (8, 9). 


A consideration of the labeling of the Krebs cycle intermediates upon | 


addition of radioactive pyruvate or acetate to actively respiring heart prep- 
arations made it apparent that within small limits of error the appearance 
of 1 mole of C“O, from carboxyl-labeled pyruvate was accompanied by a 
minimum uptake of 0.5 mole of O2, and the appearance of 1 mole of C%0; 
from either carboxyl-labeled acetate or carbonyl-labeled pyruvate was ac- 
companied by a minimum uptake of 2 moles of O, in the steady state. The 
oxygen consumption due to oxidation of added radioactive substrate in 


Qo. = 0.5Qcu0, + 2.0Qcuo, 
(Added (Pyruvate (Pyruvate 
pyruvate) carboxyl) carbonyl) 


Qo, = 2.0Qcu0: 
(Added (Acetate 
acetate) carboxyl) 


these experiments have therefore been calculated from the accompanyins 
formulae. From these values, it was then possible to calculate the pe 
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vas ac- Fig. 1. Growth curves for pantotheni¢ acid-deficient, pair-fed normal control, 

The | and ducks fed the control diet ad libitum. The mean body weight for groups of 
rate in ‘Wenty pantothenic acid-deficient (@), pair-fed control (O) and controls fed ad 
| libitum (@) are plotted against the time on their respective diets in days. All ducks 
were fed the control diet until they reached 150 gm. in weight. The crosses indi- 
cate death in the experimental group. The food intake in gm. per day is also plot- 
ted for these groups across the bottom of the chart. 
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sents an average for twenty ducklings. Normal ducklings fed ad libitum 
showed the same rapid growth previously observed (8), whereas pair-fed 
controls maintained a relatively slight greater weight over the deficient 
ducks. In the deficient groups, retardation of growth generally occurred 


panyinth after 4 days and complete cessation after 8 days on the deficient diet. 
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: 
Weight losses began between the 8th and 16th days in individual birds, at | 


vhich time they showed marked decreases in coenzyme A content and were 
taken for respiration experiments. Although the deficient birds usually 


died 3 to 4 days after they began to lose weight, no frankly moribund ducks © 


TaBLeE I 


Effect of Pantothenic Acid Deficiency in Ducklings upon Coenzyme A Content, Oxygen 


Consumption, Pyruvate Utilization, and Lactate Production of 
Heart Ventricle Slices 











g s- 

a @ 

Group >. Fd a 3 CoA Cos no lpyruvate, Clactate, Scuee, 5 2 

ucks |weight substrate |5 mM per 5 mM per > 

liter (Substrate "Titer | G | 2d 

1 Zz! 
. | units 
- per 
gm. 

Deficient 28 | 193 | 27] 6.93} 9.60} 0.79] 1.93] 5.04] 3.9 


+12 | +3 |40.42 |40.21 |+0.04 |40.15 |40.14 |+0.22 
Pair-fed controls 19 | 278| 59] 8.13] 10.81] 1.51] 2.93 | 6.70] 5.2% 
+20 | +5 (40.29 |+0.19 |40.19 |40.26 |+0.27 |+0.25 
































Controls fed ad 4 | 307 | 66| 7.55} 10.28] 0.75) 1.88|) 6.48] 5.35 
libitum +31 | +7 |+0.32 |+0.22 |+0.08 |+0.19 |+0.21 |+0.11 
Deficient + Ca 3 | 254] 46] 8.23} 10.31] 1.48] 2.66] 6.13] 4.9 
pantothenate in- #24 | +5 |+0.45 |+0.41 |+0.11 |+0.33 |+0.30 |=:0.38 
traperitoneally 
TABLE II 


Respiration of Slices of Auricle from Pantothenic Acid-Deficient and Normal Pair. 
' Fed Ducklings 











Qos, 
No. of Qos, Qos, N 

Group aia CoA Par tar ductee pees Lai 

liter 

units per ry 
gm. 

BPE oa. och Ado inecne eves 6 19 6.22 6.95 8.22 3.84 
+4 +0.55 | +0.32 | 40.66 | +0.31 
Pair-fed controls .............. 4 33 8.04 7.88 | 10.05 5.04 
+3 +0.30 | +0.38 | 40.55 | +0.38 























were used in the respiration experiments. The mortality of deficient duck 
allowed to go indefinitely, without removal of any for studies in vitro, was 
about 95 per cent in 18 days. 

Experiments with Slices—The effects of pantothenic acid deficiency upa 
carbohydrate metabolism in vitro of slices of ventricle and auricle are 
shown, respectively, in Tables I and II. Duplicate determinations wer 
done on each heart. The values listed are the means obtained for the 
group, the limits of error being the standard error of the mean. Ten d 
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the twenty-eight experiments with deficient ventricle, twelve of the nine- 


- teen experiments with control ventricle, and two of the three with ventricle 


from cured ducks were carried out with radioactive substrates. In four 
experiments with deficient and pair-fed control birds, homogenates of ven- 
tricle were prepared at the same time as slices for comparative studies on 
the same heart. Data for the homogenates will be discussed in connec- 
tion with other experiments on homogenates in a section to follow. 

The endogenous oxygen consumption of deficient slices of heart ventricle 
was significantly lower than that of pair-fed or cured ducks fed equicaloric 
food intakes, although it was not significantly different from that of control 
birds fed ad libitum. The production of lactate, largely a result of initial 


' glycolysis (19), appears to be lower in slices from deficient ducks than from 


either pair-fed or cured ducks, but, again, not different from that of control 


' birds fed ad libitum. In previous studies it has been shown that food 


restriction of normal ducks raises both the total respiration and the endoge- 
nous lactate production of ventricles (8, 9). The pantothenic acid-defi- 
cient bird does not demonstrate this response to a lowered caloric intake. 


In the presence of added pyruvate, the respiration of deficient slices was 


significantly lower than in any of the control groups, but not as low as was 


found in either thiamine or biotin deficiency (8, 9). Total and net pyru- 
| yate disappearance by ventricle slices was reduced an average of 25 per 


cent in the deficient group and restored approximately to normal by treat- 


| ment with pantothenic acid. 


The findings with slices of auricle from deficient birds showed essentially 
the same changes from normal as was observed with slices of ventricle, 
despite the lower average levels of coenzyme A in deficient auricle. Py- 
ruvate utilization and oxygen consumption in the absence of substrate, as 
well as in the presence of added pyruvate, were lower than those of corre- 
sponding controls. 

Table III presents the results of a study of the rates of oxidation of C**- 
labeled acetate and pyruvate in slices of ventricle from deficient, pair-fed 
control, and treated deficient ducks. Acetate, when added at zero time, 
was found to stimulate oxygen consumption in normal heart slices a small 
but significant amount (on the basis of analysis of increments P = 
<0.02 > 0.01). Pantothenic acid-deficient heart slices incubated with 
C'-acetate showed no response in oxygen consumption and produced much 
less C“O. than did the control slices. The contribution of the combustion 
of added acetate to the total oxygen consumption in the deficient group 
was 17 per cent, while in the controls it was 24 per cent. Somewhat larger 
effects of labeled acetate both on oxygen consumption and CO, produc- 
tion have been obtained in rat heart slices by Pearson et al. (24) in experi- 
ments in which the substrate was initially present in the medium instead 
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of tipped in at zero time. Greater stimulation is also obtained in normal 
duck heart slices when acetate is initially present in the medium. 

While the Qo, obtained with deficient slices of ventricle in the presence 
of pyruvate was lower than that obtained with control slices, the degree of 


stimulation of the oxygen consumption above endogenous levels was ap. | 


proximately the same, a finding in marked contrast to the results in thia- 


mine deficiency (8). As shown in Table III, the production of labeled | 
carbon dioxide from carboxyl- and carbonyl-labeled pyruvate in deficient |) 


slices was slightly but not significantly lower than that found with labeled 
pyruvate in control slices. It appeared, therefore, that, although the catab- 
olism of added acetate ion as a source of C. fragment was partially blocked 


in pantothenic acid-deficient slices, the catabolism of added pyruvate as a | 


TaBLeE III 


Effect of Pantothenic Acid Deficiency in Ducklings wpon Oxidation of C4-Labeled 
Acetate and Pyruvate in Heart Ventricle Slices 





| | 




















enn | No. of Qo2, Qcloe, | Qos, | Net | Ocvor, Coton, | nae 
P | ducks acetate acetate pyruvate ecses enh poate | oan 
| 
an - — |__| — ee Sa | nor 
Deficient | 10 6.86 0.58 | 9.45 4.02 2.46 1.46 | 0.59 
+0.24 | +0.06 +0.15 | +0.16 | 40.12 | +0.13 
Pair-fed con- | 12 8.52 1.00 | 10.71 5.47 2.75 1.80 | 0.65 
trols | +0.26 | +0.04 | +0.17 | +0.24 | 40.12 | +0.11 
Deficient + | 2 8.91 0.88 | 10.36 5.08 2.84 1.95 | 0.78 
Ca pantothe- | +0.55 | +0.08 | +0.21 | +0.29 | 40.10 | +0.23 
nate intra- | | 
peritoneally | | | | 




















source of C2 fragment was not significantly changed from normal. The} 
contribution of the combustion of added pyruvate at 5 mm per liter to the J 


total oxygen consumption of deficient and control slices was 44 and 46 per 
cent respectively. It is seen that the fraction of the total oxygen consump- 
tion concerned with oxidation of added pyruvate is greater than the degree 
of stimulation of the Qo, above endogenous levels and yet less than the 
total oxygen consumption. In collateral studies with normal heart slices 
(25) it has been shown that the degree to which the combustion of added 
pyruvate contributes to the total oxygen consumption is a function of the 
initial concentration of pyruvate. 

Of interest is the fact that not all of the pyruvate which disappears to 
non-lactate products in slices of ventricle is oxidized. In normal pair-fed 


birds only 50 per cent of the pyruvate disappearing to non-lactate prod: 


ucts underwent decarboxylation. In pantothenic acid-deficient animals: 
slightly larger percentage (61 per cent) of the net pyruvate utilization, 


2R. E. Olson, unpublished results. 
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rmal : which was decreased from normal by 25 per cent, could be accounted for by 
| oxidation. 
sence Treatment of deficient ducklings 24 hours prior to sacrifice with intra- 
ree of | peritoneal pantothenate raised both the cardiac Qo, and C“O, production 
sap-— from labeled pyruvate. The addition of sodium pantothenate or coen- 
thia- zyme A to deficient ventricle slices in vitro, however, had no effect upon the 
beled | respiration or pyruvate utilization, even though it has been shown that the 
icient || | coenzyme A content of deficient heart slices increases slightly under these 
beled § conditions (7). 
atab- Experiments with Homogenates—Since dilution of endogenous cofactors 
ocked TaBLe IV 
€ asa Effect of Pantothenic Acid Deficiency in Ducklings upon Oxygen Uptake, Pyruvate 
Utilization, and Lactate Formation by Homogenates of Heart Ventricle* 
ne. . | No. of | Qos, no | ae lactate, Cresta. | Net 
; Group | ducks CoA | substrate | 5 mas per ee 5 = “Opyruvate! Oo yruvate 
xidation tt ees Een Ce ee AB = thes 
ona units per 
CHOOH f em | 
| Deficient 8 33 | 3.94 6.56 0.50 1.60 4.10 3.00 
0.59 +3 | +0.39 | +0.58 | 40.08 | 40.20 | +0.21 | 40.24 
|  Pair-fed con- 8 O2 { Testo 10.42 0.93 2.39 5.66 4.20 
0.65 trols +4 | +0.85 | +0.90 | 40.07 | 40.20 | 40.41 | +0.36 
| Deficient + | 4 | 49 | 6.10} 9.30] 0.82] 2.09] 5.55] 4.28 
0.73 Ca pantothe- | +5 | £0.77 | +0.96 | +0.22 | +0.31 | +0.44 | 40.38 
f nate intra- | | 
peritoneally | | | | 











* Gas phase air; medium same as for slice experiments with PO, 20 mm per liter. 
The No supplements. 0.5 ml. of 10 per cent homogenate per 3.0 ml. of final volume in 


: the Warburg flask. 
: to the . . . . . 
AG per } is accomplished more satisfactorily with the homogenate preparation than 


nsump f With the slice, it was decided to compare the metabolism of radioactive 
degree J acetate and pyruvate in homogenates of normal and deficient ventricle. 
an the} The results obtained for a group of deficient, pair-fed controls and deficient 
+ slices) ducks injected with pantothenate are shown in Table IV. The oxygen up- 
*addedp takes have been expressed as Qo, for 60 minutes in order to make them 
. of the} comparable to the C™Os, recoveries, despite the non-linear curves for O, 
uptake versus time which are typical of homogenates. In contrast to the 
ears to) findings with slices, the endogenous oxygen consumption and lactate pro- 
pair-fel duction of homogenates of deficient ventricle were markedly reduced, 
e prot: being, on the average, only 50 per cent of that of homogenates of ventricle 
imalsaf {rom pair-fed ducks. In the presence of pyruvate at 5 mm per liter, the 
ization} OXygen consumption and pyruvate utilization of deficient homogenates 
were 30 to 40 per cent less than controls, 
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While the oxidation of C-carboxyl-labeled acetate was reduced from 
normal in homogenates of deficient ventricle to about the same degree as 
in slices, the oxidation of labeled pyruvate was reduced much more in 
homogenates than in slices. The rate of decarboxylation of pyruvate in 
homogenates of deficient ventricle was reduced 33 per cent from normal, 
while the rate of oxidation of the a-carbon atom was reduced 58 per cent 
from normal, this latter reduction being in proportion to the decrease in 
coenzyme A content. The ratio of the rate of oxidation of the a-carbon to 
that of the carboxyl carbon in deficient and normal homogenates (Table 
V) indicated a preferential decrease in the rate of oxidation of the Cz; frag- 
ment derived from pyruvate by the deficient homogenates. The oxidation 
of added pyruvate accounted for 50 per cent of the oxygen consumption of 


TABLE V 


Effect of Pantothenic Acid Deficiency in Ducklings upon Oxidation of C'*-Labeled | 


Acetate and Pyruvate in Homogenates of Heart Ventricle 











Oxidation 

No. of} Qoz Qcttos, Qoz Net Qcor, | Qctor, ratio, 

7 t; ti , , 

Group ducks| acetate must pyruvate |—Qpyruvate aan phat we Cu.9 
C4QOH 

Deficient 8 4.00 0.42 6.56 3.00 2.55 1.04 0.41 


+0.64 | +0.04 | +0.58 | 40.24 | +0.22 | 40.15 | +0.04 
Pair-fed con-| 8 8.32 0.71 | 10.42 4.20 3.84 2.49 0.64 


























trols +0.76 | +0.09 | +0.90 | 40.36 | 40.51 | 40.42 | +0.05 
Deficient + Ca} 4 6.45 0.56 9.30 4.28 3.80 2.22 0.59 

pantothenate +0.79 | +0.04 | +0.96 | +0.38 | 40.38 | 40.21 | 40.04 

intraperito- 

neally 





the deficient preparation and 72 per cent of the oxygen consumption in the 
control homogenate. 

In contrast to the behavior of slices, the conversion of pyruvate to non- 
lactate products by homogenates of both deficient and control ventricle 
could, within the limits of error of the method, be completely accounted for 
by oxidation, the net —Qpyruvate ANd Qor10, (pyruvate carboxy!) Values being not 
significantly different. It would appear that disruption of the cellular 
architecture through homogenization abolishes certain anabolic reactions 
of pyruvate. 

The reduced rate of decarboxylation of pyruvate in homogenates of de- 
ficient ventricle raised the question of a multiple deficiency of thiamine and 
pantothenic acid in the experimental ducklings, even though the finding of 
normal decarboxylation in slices from deficient birds was evidence against 
this possibility. If the cocarboxylase and coenzyme A systems concerned 
with pyruvate oxidation were closely linked, a blockage at the C2 stage 
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might easily retard decarboxylation. In order to settle this question, ven- 
tricular tissue from a number of pantothenic acid-deficient ducks was 
analyzed for thiamine as well as coenzyme A. The results are shown in 
Table VI. Since these differences are not significant, and, since in other 
experiments the prior administration of thiamine to deficient ducks had no 
effect upon the respiratory values, it was concluded that low cardiac 
thiamine was not responsible for the reduced decarboxylation of pyruvate 
observed in homogenates from pantothenic acid-deficient ducklings. At- 
tempts to restore the respiration and pyruvate oxidation of deficient ho- 
mogenates by addition of coenzyme A preparations in vitro have been 
successful in about 60 per cent of a dozen experiments. These will be 
described in a separate communication. 


TasBie VI 


Thiamine Content of Heart Ventricle in Pantothenic Acid-Deficient and Pair-Fed 
Control Ducklings 














Group No. of ducks CoA Thiamine 
units per gm. y per gm. 
Pantothenic-acid deficient.............. 6 35 + 4 3.5 + 0.4 
Normal pair-fed controls............... 3 71 + 5 4.2 + 0.7 

DISCUSSION 


The net pyruvate utilization of liver slices from normal and pantothenic 
acid-deficient ducklings has previously been shown to be a function of their 
coenzyme A content over a relatively wide range (7). In the present study 
of cardiac muscle under these conditions, the degree of correspondence be- 
tween coenzyme A content and pyruvate utilization in slices is not as 
striking. A 75 per cent reduction of the coenzyme A content of slices of 
duck heart ventricle caused a drop of only 25 per cent in net pyruvate dis- 
appearance and a negligible effect upon the oxidation of pyruvate as deter- 
mined with C'-tagged substrate. This behavior of pantothenic acid-defi- 
cient heart slices towards pyruvate is even more remarkable when it is 
considered that a metabolic defect in pyruvate metabolism, explicable on 
the basis of depressed coenzyme A levels, is readily demonstrable in homog- 
enates of deficient tissue. It appears that as long as the architecture of the 
intact cell is preserved marked depletion of an essential coenzyme can occur 
without more than slight effects upon the metabolism of a prime substrate 
such as pyruvate. In the case of thiamine deficiency it was shown that, 
although depletion of this vitamin from normal levels of 5 to 7 to below 2.5 
y per gm. was essential before metabolic changes occurred in slices, reduced 
pyruvate utilization and oxidation (8) could nevertheless be easily demon- 
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strated at low thiamine levels. It is true, however, that, whereas the 
oxidation of pyruvate appeared to be normal in pantothenic acid-deficient 
heart slices, the oxidation of acetate was significantly reduced. 

As regards the effects of parenteral pantothenic acid in deficient ducks, ala 
a dose of 10 mg. of calcium pantothenate per 100 gm. of duck body weight ten 
was sufficient to increase markedly the liver coenzyme A and pyruvate (31 
disappearance within 2 hours of its administration (7). Heart muscle, on hot 
the other hand, did not respond to this dose within 2 hours, requiring, in- cite 
stead, 24 to 36 hours for a significant effect upon coenzyme A levels and (24 
pyruvate metabolism in slices. In view of the rapid excretion of panto- mal 
thenic acid (26), it is likely that effects seen this late in cardiac muscle are | jp , 
due to pantothenic acid liberated from a conjugate in the liver, where pan- I 
tothenic acid is rapidly taken up after intraperitoneal injections. It is 


wh 
dio 
un 





m 
probable that some equilibrium exists between tissue coenzyme A and oe 
blood pantothenic acid (27). SD hets 

The present experiments with carboxyl-labeled acetate indicate that | fro, 
normal cardiac muscle oxidizes acetate ion to CO, at an appreciable rate in oho 
vitro and that this rate is reduced by pantothenic acid deficiency in both, | j,pj 
slices and homogenates. The rate of C™“O, production from carboxyl- som 
labeled acetate in slices of normal duck ventricle in these experiments com- app: 


pares favorably with that obtained by Pearson e¢ al. (24) in slices of rat | c¢ls 
ventricle, and with that obtained by Lorber e¢ al. (28) in the isolated per- (36) 
fused cat heart. As 

It is of interest that pyruvate oxidation is maintained at a normal rate | yate 
in slices sufficiently low in coenzyme A to cause depression of acetate oxi- | poxy 
dation. It is possible that this phenomenon is due to the need for the | |gbe! 
activation of acetate by ATP (29) prior to its oxidation, whereas the prod- | gliee; 
uct of the oxidative decarboxylation of pyruvate is already at an activated | oxiq, 
energy level. Even in normal slices of cardiac muscle from rats (24) and 9 peae; 
ducks (13) C, fragments from pyruvate are oxidized more readily than } qj. 4 
those derived from acetate. In the present study, acetate was catabolized | [yp }, 
only 55 per cent as fast as the C2 fragment from pyruvate in normal heart | deca, 
slices and only 39 per cent as fast in slices from pantothenic acid-deficient | Jatte, 
ducks. dence 

Vigorous oxidation of pyruvate occurs in both slices and homogenates of } the ( 
normal cardiac muscle, but there are important differences in the total me- [ then; 
tabolism of this substrate in these two preparations. In slices, but not f (37) , 
homogenates, the rate of conversion of pyruvate to non-lactate products is | pant, 
much larger than the rate of decarboxylation, indicating that sizeable Be 
amounts of added pyruvate are being metabolized to non-lactate products fit wa, 
without loss of CO». In the light of our present knowledge this disappear- F and | 
ance represents anabolism of pyruvate in one or more of several channels | of eo, 
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which include (1) carbohydrate synthesis via phosphopyruvate, (2) carbon 
dioxide fixation to yield oxalacetate which may be removed as aspartate or 
undergo the dicarboxylic acid “shuttle” (30), or (3) amination to yield 
alanine. Since the exchange of CO, with the 6-carboxyl of oxalacetate, a 
reaction which is apparently faster than direct addition of CO, to pyruvate 
(31), is not more than 0.5 ul. of CO, exchanged per mg. of dry weight per 
hour in normal cardiac muscle from ducklings,? and since the conversion of 
a-labeled pyruvate to protein is almost negligible in cardiac muscle in vitro 
(24), it would appear that carbohydrate synthesis from pyruvate probably 
makes up the largest part of this anabolic fraction of pyruvate metabolism 
in slices. 

In homogenates of duck heart ventricle, anabolic transformations of 
pyruvate appear to be minimum. This failure to anabolize pyruvate is 
probably not due to a breach of the link between oxidation and phosphory- 
lation, since both homogenates (32) and mitochondrial fractions derived 
from homogenates (33, 34) carry on the oxidative generation of high energy 
ohosphate bonds at a satisfactory rate. Whether it is due to failure of 
‘abile phosphate utilization for purposes of carbohydrate synthesis or to 
some other defect associated with the destruction of cells, is not readily 
apparent. It is also true that other anabolic or specialized activities of 
cells such as protein synthesis (35), urea synthesis, and the Pasteur effect 
(36), are greatly reduced or destroyed by mincing or homogenizing tissue. 

As might have been predicted from the hypothetical pathways for pyru- 
vate oxidation via the Krebs cycle, the rate of C“O, production from car- 
boxyl-labeled pyruvate was found to be greater than that from carbonyl- 
labeled pyruvate in all parallel experiments with both homogenates and 
slices of cardiac muscle. The factors involved in this “lag” of a-carbon 
oxidation undoubtedly include participation of active acetate in other 
reactions than citrate synthesis and the accumulation of activity in the 
di- and tricarboxylic acids and in compounds in equilibrium with them. 
In homogenates of pantothenic acid-deficient ventricle, the rates of both 
decarboxylation and a-carbon oxidation were decreased below normal, the 
latter, however, far more than the former. This appeared to be good evi- 
dence in favor of the early suggestion of Hills (2) that the metabolism of 
the C, fragment derived from pyruvate is preferentially affected by panto- 
thenic acid deficiency, a conclusion also reached by Novelli and Lipmann 
(37) as a result of studies of acetate and ethanol oxidation by normal and 
pantothenic acid-deficient yeast. 

Because the initial reaction of the Krebs cycle involves an acetylation, 
it was thought important to study the rates of citrate synthesis in normal 
and pantothenic acid-deficient homogenates for evidence of involvement 
of coenzyme A in pyruvate metabolism. These experiments, which have 
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been briefly described in a preliminary note (38), although carried out sub- 
sequent to those reported in this paper, indicated that in the presence of 
10 mm per liter of barium ion the formation of citrate from pyruvate and 
fumarate in homogenates of pantothenic acid-deficient ventricle was only 
50 per cent of normal. It was shown, furthermore, that the addition of 
coenzyme A greatly enhanced the formation of citrate both in deficient and 
normal preparations. Data from studies of the oxidation rates of the 
carboxyl carbon and a-carbon of pyruvate as well as from studies of citrate 
formation in pantothenic acid-deficient heart homogenates support the 
view that coenzyme A is concerned with the initial condensation of the 
Krebs tricarboxylic acid cycle. 


SUMMARY 


1. The coenzyme A content of cardiac auricle and ventricle is reduced 


40 to 80 per cent by pantothenic acid deficiency in ducklings. Both in | 


normal and deficient animals, ventricle contained twice as much coenzyme 
A as auricle. 

2. With pyruvate as substrate, the oxygen consumption and net pyru- 
vate utilization of slices of ventricle and auricle were significantly reduced 
in pantothenic acid deficiency but not in proportion to the decrease in co- 
enzyme A content. 

3. The oxidation of neither the carboxyl carbon nor the a-carbon of C™- 
labeled pyruvate was significantly depressed in slices of ventricle despite a 
decrease in the rate of oxidation of carboxyl-labeled acetate and ‘a marked 
decrease in coenzyme A content. 

4. In slices of both normal and deficient ventricle, 50 to 60 per cent of 
the pyruvate which disappeared to non-lactate products was oxidized. 
The remainder, which was converted to non-lactate products without the 
loss of CO., was presumably converted to carbohydrate intermediates via 
phosphopyruvate. 

5. The oxidation of both C-labeled pyruvate and acetate was decreased 
below normal in homogenates of deficient ventricle. In this preparation, 
the rate of oxidation of the a-carbon atom of pyruvate was depressed in 
proportion to the decrease in coenzyme A content significantly more than 
was the rate of decarboxylation. 

6. In homogenates of both normal and deficient ventricle, the net pyrt- 
vate disappearance could, within the limits of error, be completely accoun- 
ted for by oxidation of pyruvate. 

*Shortly after the submission of our note on citrate synthesis and during the 


preparation of the present manuscript, both Stern and Ochoa (39) and Novelli and 
Lipmann (40) reported experiments demonstrating the need for coenzyme A in the 


synthesis of citrate from acetate and oxalacetate in enzyme extracts from pige0l | 


liver and Escherichia coli when supplemented with ATP, cysteine, and Mg**. 
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7. The decrease in the rate of decarboxylation of pyruvate in homogenate 
of pantothenic acid-deficient ventricle could not be accounted for on the 
basis of a decreased thiamine content, nor could it be rectified by prior in- 
traperitoneal injections of deficient ducks with thiamine. 

8. These data support the view that the function of coenzyme A in the 
pyruvate metabolism of cardiac muscle is to catalyze the condensation of 
the C, fragment derived from pyruvate with oxalacetate to yield citrate. 


It is a pleasure to acknowledge the technical assistance of Charlotte 
Pope, Emily Hirsch, and Heidi Richards in carrying out these experiments. 
We are also indebted to Merck and Company, Inc., Rahway, New Jersey, 
the Corn Industries Research Foundation, New York, and the Sheffield 


Farms Company, Inc., New York, for generous supplies of materials used 
in these diets. 


This work was done during the tenure of a Research Fellowship (R. E. 
0.) of the American Heart Association. 
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THE ISOLATION OF SODIUM DESOXYRIBONUCLEATE WITH 
SODIUM DODECYL SULFATE* 


By A. M. MARKO} anp G. C. BUTLER 


(From the Department of Biochemistry, University of Toronto, Toronto, Canada) 


(Received for publication, November 8, 1950) 


For the preparation of sodium desoxyribonucleate there are, at present, 
only two methods sufficiently gentle to avoid extensive degradation during 
the isolation. These are the well known procedures developed by Ham- 
marsten and Bang (1) and by Mirsky and Pollister (2) using the deprotein- 
ization technique of Sevag, Lackman, and Smolens (8). Extensive expe- 
rience with the use of these two methods in our laboratory showed that 
they were both laborious and time-consuming; the former gave good yields 
but solutions of the products had low relative viscosities; the latter gave 
highly viscous products but the yields were low. It seemed desirable, 
therefore, to develop a more expeditious method of isolation. 

Attempts were made to find a reagent that would dissociate the des- 
oxyribonucleate from its accompanying protein, precipitate the free pro- 
tein, and be gentle enough to cause no depolymerization of the nucleate. 
Sreenivasaya and Pirie (4) succeeded in dissociating the nucleate and pro- 
tein of tobacco mosaic virus by treating it with sodium dodecyl] sulfate. 
The researches reviewed by Valko (5) and Putnam (6) gave ample indi- 
cation that proteins could be precipitated by surface-active agents. Be- 
cause of their high isoelectric points histones and protamines should have 
a strong positive charge in neutral solutions. For these reasons we studied 
the effect on desoxyribonucleoprotein of the following anionic detergents: 
sodium dodeeyl sulfate (SDS); Canadian Industries Limited Alkanol 
WXN, MP-189S, and Calsolene oil HS; and sodium desoxycholate. 

In preliminary experiments the SDS appeared to be the most suitable 
reagent and its reactions with thymus desoxyribonucleoprotein were stud- 
ied in some detail. With the help of the information so obtained, proce- 
dures were devised for isolating sodium desoxyribonucleate from small or 
large samples of tissue. Judged by the yield and quality of the resulting 
products together with the time and labor expended, these new proce- 
dures have proved satisfactory. 


* This work was supported in part by grants from the National Research Council 
of Canada. 
+ Medical Research Fellow, National Research Council of Canada. 
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EXPERIMENTAL gl 
General Methods ; a 
Nitrogen analyses were performed by the procedure of Ma and Zuazaga_ | : 
(7). . . 
Phosphorus was determined by the method of King (8) for total phos- me 
phate. de 
Sulfur was estimated by a modified Kahane procedure (9). th 
Ultraviolet absorption measurements were made with a Beckman, model a 
DU, spectrophotometer. ; Pr 
Viscosity measurements were all made on 0.05 per cent solutions of so- ch 
dium desoxyribonucleate in 0.02 m sodium chloride with one Ostwald pi- e 
pette (delivery time for water, 90 seconds) at 25° + 0.1°. Because of - 
variations in the water content of the nucleate samples, it was necessary, 
for comparison, to express the results as the specific viscosity of the so- ) 
lution, divided by its phosphorus concentration (gm. per liter). This was | 
valid because it was found that 7.,/c was a linear function of c (c = con- lut 
centration). nid 
The nucleic acid content of tissues was estimated by McCarter and Stel- | 
jes’ (10) modification of Schmidt and Thannhauser’s (11) fractionation - 
procedure. In our experience this method sometimes gave values that = 
seemed too high for the RNAP:DNAP' in tissues and even in purified re 
desoxyribonucleate; we assumed that some trichloroacetic acid remained } - 
in the first acid-insoluble residue, even after washing with alcohol... It was Hi 
further assumed that, during the extraction with hot alcohol and ether, - 
this residual acid brought about some chemical change in the DNA which | of 
rendered it susceptible to the subsequent hydrolysis with alkali. We _ 
therefore introduced the following modification. The first trichloroacetic whi 
acid-insoluble residue was washed with a saturated ethanolic solution of 


sodium acetate by suspension, centrifugation, and decantation. After the : 

z ; : ahs: illus 
residue was resuspended in a fresh sample of the same washing solution, it th 
was stored overnight at 5°, after which suspension, centrifugation, and : 


decantation were carried out once more with alcohol alone. The residue wee 
was then extracted with alcohol and ether as described by McCarter and a 
Steljes. With this innovation in the procedure we obtained values for b ‘ 
RNAP:DNAP that agreed well with those recorded by Davidson (12) and 
Schneider (13). =. 
Crude thymus DNP was prepared, by a modification of the method of a 
Mirsky and Pollister (2), as follows: Thymus glands were removed from ‘ - 
calves, immediately after slaughter, and frozen with solid carbon dioxide. she 
Henceforth all operations were carried out at 5°. While still frozen, the my 
1 (Content of ribonucleic acid P)/(content of desoxyribonucleic acid P). 95, a 
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glands were sliced; the-glandular tissue was separated by rough dissection, 
and minced and dispersed, in a Waring blendor, in twice its volume of 0.9 
per cent sodium chloride solution containing 0.01 m sodium citrate. A 
few drops of n-octyl alcohol were added before the dispersal to avoid froth- 
ing. The mixture was centrifuged at 2000 r.p.m., the supernatant liquid 
decanted, and the suspension, centrifugation, and decantation repeated 
three more times or until the residue and supernatant fluid were free of 
red color. For quantitative studies of the reaction of SDS with nucleo- 
protein, the washed thymus residue was dispersed in either 1 m sodium 
chloride or 0.1 per cent SDS and the solution filtered with suction, first 
through ten layers of muslin and then through two layers of finely woven 
towel. In the routine preparative work these filtrations were omitted. 


Effect of SDS on Thymonucleoprotein 


The reaction between SDS and thymonucleoprotein was studied in so- 
lutions by varying the concentrations of SDS, nucleoprotein, sodium chlo- 
ride, and hydrogen ion. 

(a) Effect of SDS and Nucleoprotein Concentrations—Identical samples 
of a solution of crude thymonucleoprotein in 1 m sodium chloride solution 
were dispensed into a series of centrifuge tubes; to each tube was added a 
solution of SDS varying in concentration but equal in volume to the nu- 
cleoprotein solution. Upon mixing, the contents of all tubes became opal- 
escent but no precipitate formed. The tubes were stoppered, left at room 
temperature for 1 hour, and stored at 5° for 10 to 20 hours. At the end 
of this time a sticky white precipitate appeared in most of the tubes. 
After centrifuging at 2000 r.p.m. for 30 minutes, the supernatant solutions, 
which varied in appearance from opalescent to water-clear, were decanted 
and analyzed for nitrogen and phosphorus. The results of three such ex- 
periments carried out with solutions of different nucleoprotein content are 
illustrated in Fig. 1. The abscissae are the final concentrations of SDS in 
the different tubes. In all cases phosphorus analyses showed that the 
whole of the phosphorus originally present remained in the supernatant 
solution. 

In studying the effect of varying SDS concentrations on serum albumin, 
but with no salt present, Putnam and Neurath (14) obtained curves sim- 
ilar to those in Fig.1, except that in the region of high SDS concentrations 
the curves rose, indicating a dispersion of the precipitate. We have never 
observed this phenomenon when the salt concentration was 0.5 M or higher. 
In one experiment, however, with 0.25 m sodium chloride and a nucleo- 
protein concentration of 0.163 mg. of N per ml., the nitrogen contents of 
the supernatant solutions at 0.075, 0.275, and 0.65 per cent SDS were 60, 
95, and 100 per cent, respectively. 
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Fia. 1. Effect of SDS and nucleoprotein concentrations. 
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Fia. 2. Effect of sodium chloride concentration. 
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ments described in section (a). The final concentrations of sodium chlo- 
ride and the analytical results obtained are shown in Fig. 2. 

It can be seen that SDS causes no precipitation of histone in the pres- 
ence of very low concentrations of sodium chloride and that maximum 
precipitation occurs between sodium chloride concentrations of 0.4 and 
1.0 m. The increased nitrogen contents of the supernatant solutions at 
higher salt concentrations may be attributed in part to the difficulty of 
removing the precipitates by centrifugation when they are suspended in 
solutions of high specific gravity. 
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pernatant, left-hand ordinate scale; O, N:P ratio, in supernatant, right-hand ordi- 
nate scale. 


In this experiment also, no phosphorus was removed from the solution 
by the precipitation. 

(c) Effect of pH—Equal volumes of nucleoprotein solution containing 
0.536 mg. of N per ml., 0.5 m sodium chloride, and 0.5 per cent SDS were 
placed in eight centrifuge tubes. The pH of each sample was adjusted to 
the desired value by the addition of approximately 0.05 n sodium hydrox- 
ide or hydrochloric acid; the solutions were then mixed, centrifuged, and 
analyzed as described in section (a). Fig. 3 illustrates the results ob- 
tained. 

From pH 6 to 10 the phosphorus content of the supernatant solution 
was 100 per cent of that originally present in the mixture, but from pH 6 
to 3 it declined linearly to 91 per cent. This is the cause of the increased 
curvature of the N:P curve from pH 6 to 3. 
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The gradual increase in the nitrogen content of the supernatant solu- 


tion from pH 6 to 10 is probably due to a decreasing positive charge of — “a 
the histone, resulting in a partial failure to combine with the SDS. The | jt} 
decrease in protein precipitation from pH 6 to 3 may be due to two factors, sodi 
a competition between chloride and dodecyl sulfate ions for the histone, | It 
and the formation of unionized dodecyl sulfuric acid at a low pH. por 

In Figs. 1 and 2 a theoretical base-line has been drawn at 40 per cent of nucl 
nitrogen remaining in the supernatant solution. This base-line was cal- nucl 
culated from the N:P ratios for a uniform tetranucleotide (1.69) and for the but 
crude thymonucleoprotein used in these experiments (4.76). In no case Np 
illustrated in Figs. 1 and 2 did precipitation by SDS achieve this desired vieo 
limit and in a large number of experiments it was found that under con- filtr: 
ditions of maximum precipitation by SDS the N:P ratio of the superna- som: 
tant solutions varied from 2 to 3. We therefore had to devise means for T 
removing the residual non-nucleate nitrogenous material. Prolonged di- its \ 
alysis against running water did not alter the N:P ratio of the crude nuv- solu 


cleate solutions, but filtration with the aid of Hyflo Super-Cel through a | pic) 
pad of coarse Celite regularly gave filtrates with N:P values from 1.75 to T 
2.0. Finally, precipitation of the nucleate in 65 per cent alcohol and fibre 
washing with alcohol and ether yielded sodium thymonucleate having N:P 80, { 
ratios of 1.66 to 1.75, indicating a relatively pure product. weal 
be k 
dryii 
The foregoing findings enabled us to develop two general methods for | gpai 


Preparation of Sodium Desoxyribonucleate 


isolating sodium desoxyribonucleate from tissues. In both methods all the M 
solutions contained sodium citrate (0.01 m) and, unless otherwise specified, | _ yifie, 
all operations were carried out at 5°. ride 


Method A—To the washed tissue residue, prepared as described under facili 
“Crude thymus DNP,”’ is first added an equal volume of 2 m sodium chlo- insol 
ride and, after mixing, 2 volumes of 1 mM sodium chloride, and the whole is disac 


mixed in a Waring blendor for 1 or 2 minutes. The resulting very viscous TI 
solution, after storage overnight, is poured into 6 volumes of 0.01 M so- in 5 
dium citrate. The nucleoprotein immediately precipitates as a mass of | pera; 
opalescent gel. After stirring the mixture occasionally during 5 hours, cone: 


the nucleoprotein is allowed to settle, the supernatant liquid is decanted, | diate 
and the nucleoprotein is washed by decantation three times with 0.14M | tent 


sodium chloride. The solution, precipitation, and washing are repeated | jn 
twice more; the product is designated as “purified nucleoprotein.” mg. 

This “purified nucleoprotein” is dissolved in an equal volume of 2 M | op ¢} 
sodium chloride solution and the nitrogen content of the solution deter- Th 


mined. It is then mixed,:at room temperature, with a dilute solution of | gyes 
SDS (becoming translucent) and then with a concentrated solution of so- sumr 
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dium chloride (becoming opaque). The total amounts of SDS, sodium 
chloride, and water added are so determined as to give a final mixture 
with the following concentrations: N, 0.5 mg. per ml.; SDS, 0.5 per cent; 
sodium chloride, 1.0 M. 

It is important to add the solutions in the order specified and mix after 
each addition. Solid SDS and sodium chloride cannot be added to the 
nucleoprotein solution, because they dissolve with great difficulty. The 
nucleoprotein and SDS concentrations need not be exactly those specified, 
but they must be present in this ratio. We have found that 0.5 mg. of 
N per ml. is a convenient concentration of nucleoprotein, because the great 
viscosity of more concentrated solutions interferes with the subsequent 
filtration and with more dilute solutions the large volumes are cumber- 
some. 

The mixture is stored overnight at 5°, and to it is added 1 per cent of 
its weight of Hyflo Super-Cel suspended in a little 1 m sodium chloride 
solution. It is then filtered, with suction, through a pad of Celite 4 inch 
thick supported on Cenco No. 13260 filter paper in a Biichner funnel. 

The clear, colorless filtrate is poured into 2 volumes of ethanol, and the 
fibrous sodium nucleate that precipitates is washed successively with 70, 
80, 90, 95, and 100 per cent ethanol and twice with ether. During this 
washing process it is important to avoid compressing the nucleate; it should 
be kept in a loose, fluffy form to facilitate washing and the subsequent 
drying. After the final washing the nucleate is removed from the ether, 
drained, and dried in vacuo over calcium chloride. 

Method B differs from Method A in that the nucleoprotein is not pu- 
rified and is initially dispersed in dilute SDS instead of in 1 m sodium chlo- 
ride solution. This has the advantages of shortening the process and of 
facilitating the dispersal of some tissue residues (such as testis) which are 
insoluble in 1 m sodium chloride solution. On the other hand, it has the 
disadvantage of giving appreciably lower yields (see Table III). 

The washed tissue residue, prepared in the usual manner, is dispersed 
in 5 to 10 volumes of distilled water with a Waring blendor at room tem- 
perature. Sufficient 5 per cent SDS solution is added to make the final 
concentration of SDS 0.1 per cent; this makes the solution turn imme- 
diately translucent and viscous. After determination of the nitrogen con- 
tent of the solution, it is treated with SDS, sodium chloride, and water as 
in Method A to give a solution having the following composition: N, 0.5 
mg. per ml.; SDS, 0.5 per cent; sodium chloride, 1.0m. From this point 
on the procedure is the same as that in Method A. 

These two methods have been applied with success to a variety of tis- 
sues and altogether twenty-four preparations have been made. Table I 
summarizes the results obtained with a representative selection of these 
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preparations. In the course of this work we have made the following ob- 
servations. (a) As reported by Mirsky and Ris (15) the presence of n- 
octyl alcohol, during the initial dispersal of minced tissue in 0.14 m sodium 
chloride, caused hemolysis and facilitated the removal of hemoglobin, 


TaBLe [ 
Yields and Properties of Sodium Desoxyribonucleate Isolated from Various Tissues 


























| | 
Source and batch No. ‘ioe Dyer of isolation N:P ratio nap(P)* | ps8 ona 
| | 
gm. | 
Thymus (calf) | 
TNA-III-A 16 |B | 1.77 | 48.0 | 8230 | 3680 
TNA-III-B me i= | 1.74 | 40.2 | 6450 | 2470 
« (repre- a“ | 1.71 | 37.1 | 7870 | 2920 
cipitated) | | 
TNA-V 25 |A 1.76 | 38.7 | 8500 | 3300 
TNA-VIII 2.6 | “ | 1.75 | 39.2 | 9200 | 3550 
TNA-XXI 1.0 | Mirsky- 1.61 | 25.2 | 7340 | 2095 
| Pollister | | 
TNA-L | 2.0 | Hammarsten| 1.73 | 11.8 | 8280 | 3850 
Spleen (calf) | | 
SNA-II | 1.0 |B | 1.88 | 27.0 | 7550 | 3540 
“© (reprecipi- | “ | 188° | gar4 8150 3320 
tated) | | | 
Pancreas (calf), PNA-L 0.17 | “ | 1.71 | 14.6 | 8030 | 2950 
Liver (calf), HNA-I | 0.26 | “ | 1.89 | 13.6 | 8620 4110 
Testis (bull) | | | | 
ONA-II | 0.17 | « | 2.77 | 22.9 | 7140 | 5140 
«  (refiltered —_| « | 1.65 | 27.3 | 8160 | 3350 
and reprecipitated) | | 
Erythrocytes (chicken) | | | 
ENA-I 0.60t | “ 1.70 | 43.8 | 8040 | 3860 
6. A 1.81 | 29.7 | 8160 | 2810 





ENA-III | 1. | 


* 








Specific viscosity 
Phosphorus concentration (gm. per liter)’ 

t Extinction coefficient 

Phosphorus concentration (moles per liter) ’ 

t Gm. per 100 gm. of packed cells. 





especially from liver, spleen, and avian erythrocytes. It was, however, 
sometimes necessary to wash these three tissues as often as ten times to 
remove all soluble color. (b) In some cases (e.g., liver) the crude nucleo- 
protein had a brownish color, but this color was regularly removed by the 
filtration through Celite. (c) In applying Method B to thymus the final 
mixture of nucleoprotein solution, SDS, and sodium chloride sometimes 
formed a stiff gel which made the subsequent filtration almost impossible. 
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In extreme cases the viscosity could not be reduced sufficiently by dilut- 
ing the solution a reasonable amount, but it was reduced, surprisingly, by 
passing the mixture through a Sharples supercentrifuge. After this it 
could be filtered through Celite as usual. (d) The extraction and purifica- 
tion of sodium desoxyribonucleate from bull testes were difficult. One 
treatment of the tissue by Method B always produced nucleate with a 
high N:P ratio; further purification could be achieved by dissolving the 
product in water, adding sodium chloride to a concentration of 1 M, and 
repeating the Celite filtration and alcohol precipitation. Typical results 
of this additional purification: are recorded in Table I. (e) Method B 





TaB_e II 
Distribution of Phosphorus in Materials Isolated from Calf Thymus and Chicken 
Erythrocytes 
| Purified 
ee preipecc.|  ~Crnde Purified brtoek ‘ 
Fraction Original nr nucleoprotein | nucleoprotein = Yield 





TNA-VIII, mg. P per 100 gm. original tissue 


























| per cent 
Aleohol-ether-soluble 41.4 | 5:2 12.4 
Extracted residue 372 | 292 266 224 
RNA 60.7 | 23.5 16.3 5.1 
DNA 307 | 272 248 224 73.1 
ENA-III, mg. P per 100 gm. packed cells 
pe ee eee 25.9 | 15.9 | 14.9 
Extracted residue 193 ; 150 | 131 118 
RNA 12.4 | Fal | 1.9 0.3 
DNA | i =| 9 | 131 117 64.7 





was found to work well with as little as 1 gm. of calf thymus. Batch 
TNA-III-A (Table I) was prepared from 2.5 gm. of tissue. Highly vis- 
cous samples of sodium desoxyribonucleate were prepared from the liver, 
spleen, and kidneys of a single rat. The yields, determined by Schmidt 
and Thannhauser analyses, were 31, 38, and 43 per cent, respectively. 


The products were, however, rather impure, having N:P ratios from 1.85 


to 2.4. 


In order to assess the efficacy of the various purification procedures and 


_ to determine over-all yields, fractional analyses were made on the products 


obtained during the application of Method A to calf thymus and chicken 


' erythrocytes. The results are presented in Table II. Acid-soluble phos- 


phorus contents are omitted, since they amounted to only 5 per cent in 
crude nucleoprotein and were negligible in the purified nucleate. It is 
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interesting to note that purification of the desoxyribonucleoprotein at 5° 


does not remove all the ribonucleic acid phosphorus; it does, however, | 


effect a significant reduction in the N:P ratio. 


Three of the samples of desoxyribonucleate prepared by the SDS method 


were found, by the Schmidt and Thannhauser procedure, to have as the 
only phosphorus-containing impurity a trace of ribonucleate. In eight 
different samples this contamination was variable and accounted for from 
0 to 2.5 per cent of the total phosphorus. On the other hand, analyses of 


two samples prepared by the Mirsky and Pollister method showed the | 


presence of no detectable ribonucleate phosphorus. 

The amount of SDS remaining in the isolated nucleate was estimated 
by determining the sulfur content. In all cases it was found that the SDs 
content was less than 0.5 per cent and that this could be reduced to less 


TaBLeE III 


Effect of Batch Size and Method of Isolation on Yield of Sodium Desoxyribonucleate 
from Calf Thymus 








Size of tissue sample Method Yield 
gm. per cent 
100 A 60-70 
500 “f 80-85 
100 B 20 
500 40-50 











than 0.1 per cent by redissolving the nucleate and repeating the precipits- 
tion and washing. 

Our general experience with the yields of desoxyribonucleate obtained 
by the two methods from different amounts of thymus tissue is summs- 
rized in Table III. The increase in yield with larger batches is probably 
due to a reduced proportional loss on filtration through Celite. The ger- 
erally lower yields with Method B are probably due to the gel formation, 
mentioned previously, which prevents a uniform reaction between SD§ 
and nucleoprotein and results in the removal of some undissociated nv- 
cleoprotein by filtration. 


DISCUSSION 


In some preliminary tests we found that histone prepared from thymus 
gland by the method of Felix and Harteneck (16) was readily precipitated, 
in the absence of sodium chloride, by SDS. On the contrary, histone it 
combination with nucleate was not precipitated unless an appreciable con- 
centration of sodium chloride was present. Valko (5) has ascribed to elet- 
trolytes the réle of salting-out the detergent-protein complex and prevent 
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ing its dissociation, but our findings render it improbable that these are the 
only functions of the sodium chloride. With nucleoprotein the dissolved 
sodium chloride must also help to dissociate the nucleate and histone; such 
a dissociating effect has already been demonstrated by Stern (17) and 
Mirsky and Pollister (2). 

When the histone is precipitated from a solution of thymonucleoprotein 
with SDS, there is little, if any, change in the pH of the solution, indicating 
that a metathetical reaction takes place. 

One of the chief difficulties in developing a new method of isolating so- 


' dium desoxyribonucleate is the assessment of the purity of the products. 


Until the composition of the nucleate is known with certainty, one does 
not know the theoretically correct N:P ratio. Because of the non-New- 
tonian flow characteristics of desoxyribonucleate solutions, it is very dif- 
ficult to compare viscosity measurements carried out in different labora- 
tories with different instruments. Chargaff et al. (18) have reported that 
their desoxyribonucleate preparations usually have e(P) values at 2600 A 


_ of about 6400. These workers also record their impression “that the ex- 


tinction intensity of a nucleic acid preparation at its absorption maximum 
is in inverse relationship to its molecular size.” At the moment we do not 


' feel that we can accept their value for e(P). It can be seen from Table I 
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that in our laboratory e(P) measurements have a mean of about 8000, and 
we have obtained rather poor reproducibility in measuring the absolute 
value of e(P) for a given preparation at different times. It can also be 
seen from Table I that there is no correlation between viscosity and ¢(P). 
On the other hand, extensive depolymerization with desoxyribonuclease 


| does seem to result in an increased value of e(P) (19). 


SUMMARY 


1. The precipitation of the histone of thymonucleoprotein by SDS has 
been studied with varying concentrations of nucleoprotein, SDS, sodium 
chloride, and hydrogen ion. 

2. A relatively rapid and convenient method of isolating sodium des- 
oxyribonucleate from a variety of tissues has been described. Highly 
polymerized products have been obtained in satisfactory yield. 
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EFFECT OF SCURVY ON CHOLESTEROL AND ASCORBIC ACID 
IN GUINEA PIG ADRENALS 


By SACHCHIDANANDA BANERJEE anp CHANDICHARAN DEB 
(From the Department of Physiology, Presidency College, Calcutta, India) 


(Received for publication, November 8, 1950) 


It has been shown earlier (1) that the metabolism of carbohydrate is 


disturbed in scorbutic guinea pigs as evidenced by diminished glucose 
Elson, | 


tolerance, deposition of liver glycogen, and insulin content of the pancreas. 
Although the adrenalin content of the adrenals of scorbutic guinea pigs is 
increased, it has been shown by removing the adrenal medulla that adren- 
alin is not responsible for the lower glucose tolerance observed in scurvy 
(2). It has also been reported that the altered carbohydrate metabolism 
observed in scorbutic guinea pigs is not due to either hypo- or hyperthy- 
roidism (3). The adrenal cortex is intimately related to the carbohydrate 
metabolism. It was, therefore, of interest to find out whether the hor- 
mone of the adrenal cortex is affected in scorbutic guinea pigs. Because 
of the presence of a small quantity of the steroid hormone in the adrenal 
gland, it is difficult to estimate it. Cholesterol and ascorbic acid, how- 


ever, appear to be related to the formation of the adrenal cortical hor- 


mone. Injection of the adrenocorticotropic hormone of the pituitary in 
rats and guinea pigs has been found to lower both the ascorbic acid and 
cholesterol content of the adrenal glands (4). In the present investigation 


total cholesterol and ascorbic acid concentrations of adrenal glands of 


scorbutic guinea pigs and paired, fed, normal guinea pigs have been esti- 
mated with the purpose of finding out the function of the adrenal cortex 
in scorbutie guinea pigs. 


EXPERIMENTAL 


Female guinea pigs, varying between 150 and 210 gm. in weight, were 
fed a scorbutie diet (5) with a daily supplement of 5 mg. of ascorbic acid 
per animal for 1 week. The animals which grew were selected, divided 
into two groups, housed in individual cages, and paired evenly so that the 
weights of the animals in each pair, one from each of the groups, were 
about the same. The animals of one of the groups were fed ad libitum 


_ the scorbutie diet only. The food consumption by each of the animals of 
\ this group was measured and the equivalent amount of food was given to 
_ the corresponding animal of the second group, which received in addition 


a daily oral supplement of 5 mg. of ascorbic acid. All the animals re- 
ceived in addition 2 drops of a concentrate of vitamins A, D, and K twice 
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a week. At the end of 20 days the animals were fasted overnight and 
killed on the 21st day by decapitation. The adrenals were removed, 


Cholesterol was estimated in the left adrenal gland, and the right gland 


was used for the estimation of ascorbic acid. 

Estimation of Adrenal Cholesterol—The left adrenal gland was disinte. 
grated, spread as a thin paste over a washed filter paper 7 cm. in diameter, 
and dried in an electric oven at 80° for 45 minutes. The filter paper was 
then rolled and placed inside a glass thimble with perforated walls. The 
thimble was suspended from the lower end of a condenser, which was 
fitted with a ground glass joint into a 125 cc. conical flask containing 8 ¢e, 
of acetone. Cholesterol in the adrenals was extracted with acetone on a 
boiling water bath for 2 hours. The volume of the extract was made up to 
10 cc. with acetone. To 0.5 cc. of the acetone extract in a test-tube 2.5 
ec. of a mixture of alcohol and acetone (1:1) and 4 drops of a 30 per cent 
solution of potassium hydroxide were added. The mixture was placed in 
a water bath at 40° for half an hour, neutralized with 10 per cent acetic 
acid with phenolphthalein indicator, poured into an evaporating basin, 
and evaporated to dryness in an electric oven kept at 80°. The residue 
was extracted three times with 2 cc. portions of hot chloroform. The 
volume of the extract was made up to 6 cc. with chloroform in a 10 ce. 
glass-stoppered graduated cylinder and 0.2 cc. of pure sulfuric acid, fol- 
lowed by 2 ce. of acetic anhydride, was added to it. The mixture was 
shaken for 15 seconds, placed in a water bath at 20° for 5 minutes, and 
then at room temperature (30°) for another 5 minutes for the develop. 
ment of color. The color was estimated in a Lumetron photoelectric cdl- 
orimeter with a 620 mu filter. 

Estimation of Adrenal Ascorbic Acid—The weighed right adrenal gland 
was macerated with 3 cc. of 10 per cent trichloroacetic acid and sea sand 
in a glass mortar and transferred to a graduated centrifuge tube; the vol- 
ume was made up to 6 ce. by washing the mortar with distilled water and 
the mixture was centrifuged. Ascorbic acid in the extract was estimated 
by titration against a standardized solution of 2,6-dichlorophenol indo- 
phenol. 


DISCUSSION 


From Table I it will be seen that both cholesterol and ascorbic acid con- 
centrations of adrenals are significantly diminished in the scorbutic guines 
pigs. The low value of adrenal cholesterol of guinea pigs, as reported by 
Sayers et al. (4), may possibly be due to imperfect extraction of cholesterd 
from the gland. Cholesterol is completely extracted in the method de 
scribed by us. The decrease in the cholesterol and ascorbic acid concet- 
trations of adrenals in scorbutic guinea pigs, along with the low glycogel 
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content of the liver and values of normal fasting blood sugar (1), indicates 
indirectly that the secretion of the adrenal cortical hormone is diminished 
in scurvy. McKee, Cobbey, and Geiman (6) observed that the injection 
of cortical hormone in scorbutie guinea pigs did not increase the deposi- 
tion of glycogen in the livers of these animals. This possibly indicates 
that the disturbed carbohydrate metabolism, as observed in scorbutic 
guinea pigs, is due to the combined effect of diminished secretion of both 
cortical hormone and insulin. 


TABLE [| 


Determination of Adrenal Ascorbic Acid and Adrenal Cholesterol in Normal and 
Scorbutic Guinea Pigs 






































| weight at death | Aseobig acid pet om. | Choleteot per, em. 
Pair No. 
Normal Scorbutic Normal Scorbutic Normal Scorbutic 
gm. gm. mg. mg. mg. mg. 
1 212 184 0.5 0.2 97 96 
2 232 188 0.62 0.15 118 86 
3 260 231 1.30 0.11 130 79 
4 223 185 0.53 0.14 94 88 
5 223 195 1.29 0.19 100 92 
6 204 195 0.72 0.14 114 77 
(j 266 232 0.66 0.14 134 99 
8 228 180 0.47 0.12 109 64 
9 254 202 0.46 0.14 94 62 
PVOLGEO 5 «..: 5c cette aetna nese 0.72+); 0.1444] 110+ 82 + 
0.11 0.02 5 5 
Diflérence Of Means soi Skee 2 0.58 28 
Standard error of difference.........| 0.112 7.25 
LOE EERE San een od corer en Onk 5.1 (Highly signifi-| 3.7 (Highly signifi- 
cant) cant) 
SUMMARY 


1. The effect of vitamin C deficiency on the cholesterol and ascorbic 
acid concentrations of adrenal glands has been studied in guinea pigs by 
the paired feeding technique. 

2. Both the cholesterol and the ascorbic acid concentrations of the ad- 
renals are diminished in scorbutic guinea pigs. 

3. A method of extraction of cholesterol from adrenals has been de- 
scribed. 

4. The altered carbohydrate metabolism observed in scorbutic guinea 
pigs has been suggested to be due to the combined deficiency of adrenal 
cortical hormone and insulin. 
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THE VITAMIN By-BINDING POWER OF PROTEINS 


By O. D. BIRD anp BARBARA HOEVET 


(From the Research Laboratories of Parke, Davis and Company, Detroit, Michigan) 
(Received for publication, December 26, 1950) 


Ternberg and Eakin (1) showed that normal gastric juice or an aque- 
ous extract of hog mucosa when added unheated to vitamin Bi, rendered 
the vitamin non-dializable and unavailable to assay microorganisms, in- 
cluding Lactobacillus leichmannii. They concluded that this principle 
which combined with vitamin By: was the intrinsic factor of Castle or an 
important component thereof. Meyer et al. (2) noted a similarity be- 
tween intrinsic factor from hog intestines and lysozyme. They also ob- 
served that lysozyme derived from egg white combined with vitamin By, 
thus rendering it unavailable to Lactobacillus lactis Dorner and Escherichia 
coli. Prusoff et al. (3) fractionated the intrinsic factor from desiccated 
hog stomach mucosa and checked the ability of these fractions to prevent 
the utilization of vitamin By by L. leichmannii 4797. Shaw (4) described 
the preparation of a protein fraction from swine intestines which was an 
inhibitor for the growth effect of vitamin By on L. leichmannit. Most 
of his preparations possessed some growth activity for L. leichmannii; 
this was apparently due to the presence of growth factors not inhibited by 
the inhibitor fraction, thus complicating the accurate determination of the 
amount of true vitamin By inhibitor. No vitamin By inhibitor was found 
in extracts of animal tissues other than those from the gastrointestinal 
tract. 

The work reported here was undertaken to study the specificity of vi- 
tamin By-binding by proteins, to determine whether it is a stoichiometric 


relationship, and to establish some of the conditions necessary for its 
accurate estimation. 


EXPERIMENTAL 
Methods 


The assay medium used was that of Skeggs et al. (5). It was modified 
by adding 50 mg. of thioglycolic acid per 100 ml. and omitting enzyma- 
tic casein. The acid-hydrolyzed casein used was Difco Casamino acids. 
When the proteins were added without heating, they were dissolved in 
and diluted aseptically with sterile distilled water, and added aseptically 
to the tubes after the latter had been autoclaved and cooled. By this 
method good results were obtained, with only an occasional contaminated 
tube, whereas, if the proteins were sterilized by filtration or with alcohol, 
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some denaturation apparently took place and the results were unsatis- 
factory. The assay organism was L. leichmannii 4797 and cultures were 


incubated 40 hours at 37°. Turbidity readings were made with the © 


Evelyn colorimeter. 

Vitamin By.-Binding Power of Various Proteins—Following in general 
the method suggested by Ternberg and Eakin (1), we determined the 
vitamin Bis-binding power of intrinsic factor concentrates! and of crystal- 
line lysozyme. This consisted of adding graded levels of these proteins 
aseptically to a series of autoclaved tubes, each containing assay medium 


and 0.5 mygm. of vitamin By. The minimum amount of the protein per | 


TABLE I 
Relative Binding Power of Various Proteins for Vitamin By. 





Protein solution per tube*, galvanometer readings 
Protein solution 





Omi. | 0.5 ml.| 1 ml. | 2 ml. | 3 ml. | 4mi. | Sm. 





Intrinsic factor concentrate (100 y | 41.5 | 47.0 | 65.0 | 91.0 | 86.5 | 82.5 | 78.5 

per ml.) 
Crystalline lysozyme (40 y per ml.) | 37.5 | 43.5 | 49.0 | 95.5 | 96.0 | 95.0 | 94.5 
Concanavalin B (2 mg. per ml.) 42.5 | 48.0 | 53.5 | 60.0 | 65.5 | 71.5 | 76.0 


s A (10 mg. per ml.)f | 42.5 | 51.0 | 60.0 | 74.0 | 81.0 | 87.5 | 91.0 
Globulin 1 (10 mg. per ml.){ 42.5 | 49.5 | 56.5 | 69.0 | 73.5 | 80.0 | 85.0 
rao) 2 ae | 42.5 | 50.0 | 56.0 | 63.5 | 70.5 | 76.5 | 81.0 § 





Crystalline egg albumin (10 mg. per | 42.5 | 48.0 | 53.5 | 62.5 | 68.5 | 73.5 | 77.5 
ml.) | | 
Urease (4 mg. per ml.) | 42.5 | 48.0 | 51.5 | 60.0 | 66.0 | 71.0 | 80.0 























* All tubes contained 0.5 mygm. of vitamin By. 


+ Globulin fractions from soy bean protein prepared by Dr. Grant Smith of these | 


Laboratories. 
t Globulin fractions from blood prepared by Dr. H. B. Devlin of these Labora- 
tories. 


tube required to prevent practically all growth due to vitamin By was 
designated as the amount bound by 0.5 mugm. of vitamin Bie. 

In order to learn whether this property of binding vitamin By, as meas- 
ured by this test, was confined to IFC and lysozyme, tests of other soluble 
proteins were made. The results are given in Table I. They show that 


all the proteins tested have this property of binding vitamin B, so as tof 


make it unavailable for the nutrition of bacteria, but that IFC and lyso- 
zyme are considerably more potent than the other proteins tried. 


When large amounts of IFC prepared as indicated are added aseptically f 


1 For the sake of brevity these will be referred to as IFC. They were kindly sup- 
plied by R. C. Peterson of these Laboratories. These concentrates were prepared 
by saturating with (NH,)2SQ, a saline extract of dried unheated hog mucosa, dia: 
lyzing the precipitate free from salts, and drying it from the frozen state. 
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to the vitamin By, assay medium (containing no vitamin B,2), there is a 
growth response. This response is much greater if the same amounts of 
IFC are autoclaved with the medium prior to assaying. These results 
are shown in Fig. 1, along with curves for the response of crystalline vi- 
tamin By. added aseptically and autoclaved with the medium. These 
response curves indicate that, even before these concentrates have had any 
vitamin By, added to them, they contain some vitamin B:-like material. 
The increase in activity caused by autoclaving may be looked upon as 
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Fig. 1. Response curves for vitamin By: added aseptically (Curve A); vitamin 
Biz autoclaved with medium (Curve B); intrinsic factor concentrate added asepti- 
cally (Curve C); intrinsic factor concentrate autoclaved with medium (Curve D). 


vitamin By. already bound to IFC, but this does not account for the re- 
sponse given by IFC when added aseptically. 

Alkali-Labile and Alkali-Stable Activity in Intrinsic Factor Concentrates— 
In Fig. 2 is shown a response curve (A) for IFC when added aseptically to 
assay tubes each containing 0.5 mygm. of vitamin Bi. It is seen that 
growth decreases steadily to a certain point and then increases with in- 
creasing doses of IFC. Curve B shows the response to the same amounts 
of IFC when no vitamin By: is present in the assay tubes. The latter part 
of Curve B coincides with the latter part of Curve A. Subtracting Curve 
B from Curve A gives a third or ‘difference’ Curve (C), which we feel 
represents more closely the inhibition of growth due to IFC. As further 
substantiation of this, Curve D, representing the addition of the same 
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amounts of IFC after autoclaving at pH 11 to destroy vitamin By», is seen 


to coincide quite well with the ascending sections of Curves A and B, 2 
Thus it seems probable that the vitamin B,.-like activity in IFC which , F 
gives a response when added to the assay medium, either aseptically or 0 


after being autoclaved at alkaline pH, is due to desoxyriboside. 
Analyses of three lots of IFC made as described above are given in 














Table II. The total vitamin Bi: activity is shown in Column 1. Thisis | © 
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Fic. 2. Showing that intrinsic factor concentrate binds vitamin By2 but also gives 
a growth response itself. The curves represent responses to the following: intrinsic 
factor concentrate + 0.5 mugm. of vitamin Bz per tube (Curve A); same as Curve 
A with no vitamin By. added (Curve B); ‘‘difference’’ curve, Curve A minus Curve B 
(Curve C); intrinsic factor concentrate after autoclaving at pH 11 (Curve D). 


the figure obtained when the samples are autoclaved with the medium. 
In Column 2 is shown the activity obtained when the samples are auto- 
claved at pH 11 before assaying. These figures presumably represent | —— 


desoxyriboside but are expressed in terms of vitamin Biz equivalent. In| pyt 
Column 3 are shown the values representing the vitamin By2-binding | gyp¢ 
power of these IFC preparations. These values were determined by pro-| A, 


jecting the first three turbidity readings of the response curves (as show! | the ; 
in Fig. 2) to the base-line. These data indicate that IFC as prepared al- | thyn 
ready contains about 1 y of bound vitamin Bi. per gm. and is capable of | utij, 
binding 3 to 4 y more per gm. lyzec 
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Difference in Binding Power of Intrinsic Factor Concentrate and Lyso- 
zyme—In Table III are shown data indicating the binding power of IFC 
and lysozyme for vitamin B.-like substances as measured by the method 
of Ternberg and Eakin (1). IFC binds vitamins Bie and Bisa equally well 








Tas_e II 
Comparative Vitamin Biz Content and Vitamin B,2-Binding Power of Intrinsic Factor 
Concentrates 
ee er + +4. | Vitamin Biz activity per |x. + 
I fact Total vitamin Bie activit : Vitamin Biz bound , 
canentisas Wl: = pened nn a aa rt le — “IFCt” _— 
(1) (2) (3) 

mugm. mugm. mugm. 

1 1017 132 3450 

2 1167 154 3030 

3 1076 149 4350 











* As measured in the regular vitamin By: assay in which the tubes are autoclaved 
20 minutes. 

+ Samples autoclaved 30 minutes in solution at pH 11, then diluted for assay, 
and autoclaved again as in Column 1. 

t In addition to vitamin By naturally bound as indicated in Column 1. 





TaBLeE III 


Binding of Vitamin Biz, Vitamin Biza, and Thymidine by Intrinsic Factor Concentrate 
and Lysozyme 





























Galvanometer readings with Galvanometer readings with 
following added per tube following added per tube 

IFC Lysozyme per tube 

“or me ene “rs thymidine 
7 A 

0 42.5 42.5 53.0 0 37.5 40.0 53.0 
50 47.0 52.0 53.0 20 43.5 45.0 64.0 
10 74.0 83.0 53.0 40 49.0 60.0 83.5 
200 90.0 89.0 53.0 80 95.5 95.0 91.0 
300 88.0 83.5 53.0 120 96.0 97.5 92.5 
400 | 86.5 83.0 53.0 160 95.0 94.0 92.5 
500 | 82.5 | 82.5 | 53.0 200 94.5 | 94.0 | 92.5 











but does not bind thymidine at all. However, lysozyme binds all three 
substances. 

Another difference between the complexes formed with lysozyme and 
the intrinsic factor is indicated in Table IV. When either vitamin By or 
thymidine is combined with lysozyme in proportions which prevent the 
utilization of these growth factors by L. leichmannii, they are easily dia- 
lyzed from these complexes. But when vitamin B,,. combines with IFC 
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in these proportions, the vitamin By: is no longer dialyzable. Still an- 
other difference in the action of these two proteins toward vitamin By, is 
shown in Fig. 3. In this experiment constant amounts of IFC or lyso- 
zyme were added aseptically to tubes containing increasing amounts of 
vitamin By. Eventually enough vitamin B,: was added to the tubes con- 
taining IFC so that growth started, although the ratio of vitamin By to 


























Tasie IV 
Effect of Dialysis on Bound Vitamin Biz and Thymidine 
Activity recovered after dialysis 
Protein used Substance added Pe 7 Ee eae je 
Inside | Outside Total Per cent |Per cent 
sac sac inside | outside 
mygm. mugm. mugm. 
Lysozyme (20 mg.) Vitamin By2 (100 24 90 114 21 79 
mygm.) 
IFC (40 mg.) Vitamin Bie (100 100.3 8.8 109.1 | 94.5 8.3 
mygm.) 
¥ ¥ y 
Lysozyme (20 mg.) Thymidine (1000 y) 90 933 1023 8.8 | 91.2 
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My Biz {TUBE 

Fic. 3. Response curves for vitamin Biz alone (Curve A); vitamin Biz + 100 y of 


lysozyme per tube (Curve B); vitamin Biz + 200 y of intrinsic factor concentrate 
per tube (Curve C). 











IFC required to initiate growth was about 3.5 times that at which growth 
ceased in experiments in which increasing amounts of IFC were added to 
constant amounts of vitamin By. The ratio of vitamin By to lysozyme 
was carried even further and no growth occurred. 

Measurement of Vitamin By.-Binding Power by Dialysis Experiments— 
Another method of measuring the vitamin Bi:-binding power of IFC is il- 
lustrated by Table V. In this series of experiments increasing amounts of 
crystalline vitamin By. were added to successive portions of the water solu- 
tion of IFC. These mixtures were transferred to dialyzing sacs of Visk- 
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ing cellulose casings and dialyzed 24 hours against frequent changes of 
distilled water. Then the vitamin By. content of the residues inside the 
sacs and the combined dialysates from each sac were assayed microbiologi- 
cally for vitamin By. In the last column are shown the percentages of 
the total vitamin By. which dialyzed through the membrane. Essentially 
all the vitamin By. was held by the protein and did not dialyze in Experi- 
ments 1 to 8, or until a total of 2400 mugm. of vitamin B,. had been added 
to each 40 mg. of IFC. Beginning with Experiment 9 there was a gradual 
increase in the dialyzable vitamin By. On the other hand, the amount of 


TABLE V 


Amount of Vitamin Bi, Bound by Intrinsic Factor Concentrate As Indicated 
by Dialysis 














Activity recovered after dialysis 
Experiment No. hey oes a" abs 
Inside sac | Outside sac samme gory ? pot g 
myugm. mugm, myugm. myugm,. 
1 100 110.4 1.9 112.3 98.3 Ley) 
2 200 181.5 5.0 186.5 97.3 2.7 
3 360 361.6 10.6 372.2 97.1 2.9 
{ 480 476.8 4.0 480.8 99.2 0.8 
5 600 518.1 11.3 529.4 97.7 2.3 
6 1200 1462.0 3.5 1465.5 99.9 0.1 
7 1800 1394.0 3.0 1397.0 99.9 0.1 
8 2400 2077 .0 35.6 2112.6 98.3 L.@ 
9 | 3600 3046.0 615.0 3661.0 83.5 16.5 
10 4800 3567 .0 1712.0 5279.0 67.5 32.5 
11 6000 3134.0 2720.0 5854.0 53.5 46.5 
12 7200 3662.0 4496.0 8158.0 45.0 55.0 
13 8200 3260.0 4752.0 8112.0 41.3 58.7 























vitamin By. retained bound to the protein inside the sac (Column 3) re- 
mained relatively constant from Experiment 9 on, regardless of the excess 
of vitamin added. In Experiments 9 to 13, in which there was an excess 


» of vitamin By. over IFC, there was an average of 3334 mugm. of vitamin 


By» bound by 40 mg. of IFC, or 1 gm. of IFC bound 83 y of vitamin By». 
The three methods described above for determining the vitamin B,.- 
binding power of proteins give widely differing results. The values ob- 
tained for one preparation of IFC by these three methods are summarized 
in Table VI. 
DISCUSSION 


Measured by Method 2 (Table VI), IFC appears to bind nearly 3 times 
as much vitamin By. as when measured by Method 1. Thus these meth- 


_ ods of measuring vitamin B,».-binding by determining the availability of 
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vitamin By. for growth of microorganisms in the presence of an active 
protein do not indicate a stoichiometric relationship between the amounts 
of vitamin Bi: and the active protein. However, Method 3, depending 
on the dializability of any excess of vitamin Bi. over that which can be 
bound by the active protein present, gives constant ratios of protein to 
vitamin Bi. over a considerable range of concentrations of the latter. 
Furthermore, the much higher vitamin B,2-binding power of IFC indicated 
by the dialysis method shows that in the growth inhibition test the bac- 
teria are able to utilize all but a small part of the bound vitamin. One 
would expect that the dialysis method might come closest to representing 
physiological conditions in which vitamin B,2. would be found when taken 
orally in combination with the intrinsic factor. 

Method 1 (Table VI) indicates that 1 gm. of IFC will bind 3.5 ¥ of vi- 








Tasie VI 
Vitamin By2-Binding Power of Intrinsic Factor Concentrate Indicated by Different 
Methods 
Vitamin 
Method No. Description of method Biz bound by 
1 gm. IFC 
7 
1 0.5 mugm. vitamin Biz per tube, IFC added stepwise; end- 3.5 
point, lst tube with no growth 
2 200 7 IFC per tube, vitamin Biz added stepwise; end- 9 
point, lst tube with growth 
3 40 mg. IFC + increasing amounts of vitamin Bi; end- 83 
point, lst tube where vitamin Bi: dialyzes 











tamin By, whereas 1 gm. of lysozyme will bind 5.1 y of vitamin By, or 
1.45 times as much. When the two are compared by Method 2, 1 gm. of 
IFC binds 9 y of vitamin By, while 1 gm. of lysozyme binds more than 30 
y of vitamin By, or over 3.3 times as much. In comparing the vitamin 
B,.-binding power of IFC with that of lysozyme, there is an even greater 
discrepancy when Method 2 is used than with Method 1. Dialysis experi- 
ments indicate that there is no true binding of vitamin Bi: by lysozyme, 
and it would therefore seem that tests of growth inhibition apparently 
indicating such binding may be due to an inhibitory effect of lysozyme on 
the microorganism, and not to a binding of vitamin Biz, to make it un- 
available. 

With L. leichmannii 4797 as the test organism, the method suggested 
by Ternberg and Eakin (1) for measuring the vitamin By2-combining 
power of unheated proteins has not been very successful in our hands for 
assaying such substances as crude extracts of hog mucosa. This method 
consists of adding increasing amounts of the unheated protein to tubes of 
the assay medium containing just enough vitamin By: to cause maximum 





; gre 
Th 
or 
pre 
res 
sul 
wa; 


ide 
Ho 
be | 
alm 
In | 
vita 


A 
zym 
crea 
amo 
leich 

Tl 
vital 
tami 

A 
abilit 
facto 
meth 
bind 
adder 
meth 
the \ 
conta 
leichn 


l. Ter 
2. Mey 


3. Pru 
4, Shay 


5. Skey 
17 















‘lve 
ints 
ling 
| be 
1 to 
iter. 
ated 
bac- 


One > 
ting | 


aken 


f vi- 


Ferent 





amin 
und by 
1. IFC 








Bis, or 
gm. of 
han 30 
itamin 
greater 
exper'- 
ozyme, 
arently 
yme on 
it un 


ggested 
nbining 
ands for 
method 
tubes of 
aximul 








O. D. BIRD AND B. HOEVET 189 


growth and noting how much protein must be added to stop growth. 
These crude samples contain such a large percentage of desoxyribosides 
or other non-specific growth factors in proportion to the active protein 
present that, before complete inhibition of growth is accomplished, the 
response curve begins to ascend again, owing to these non-vitamin B,2 
substances which produce growth but are not bound by the protein. One 
way to avoid this difficulty is to subtract from the response curve obtained 
by adding the unheated active protein the curve obtained by adding the 
identical amounts of protein to assay medium containing no vitamin By. 
However, if the protein contains large amounts of desoxyribosides, as may 
be the case with crude mucosa extracts, the second response curve will be 
almost as high as the first and the difference curve will be very inaccurate. 
In cases of this kind we have been able to get an accurate indication of 
vitamin By.-binding power only by the dialysis procedure described above. 


SUMMARY 


A variety of proteins, including intrinsic factor concentrate and lyso- 
zyme, bind vitamin By. when measured by adding them unheated in in- 
creasing amounts to tubes of vitamin By, assay medium containing known 
amounts of vitamin Bi: and noting the inhibition of growth of Lactobacillus 
leichmannit. 

This inhibition method indicates that intrinsic factor concentrates bind 
vitamin By. compounds but not thymidine, whereas lysozyme binds vi- 
tamin By. and thymidine. 

A method of measuring vitamin Bi2-binding based on the non-dializ- 
ability of the bound vitamin indicates a much higher capacity of intrinsic 
factor concentrate to bind vitamin By, than is shown by the inhibition 
method. ‘This dialysis method indicates that lysozyme does not truly 
bind vitamin Biz, whereas intrinsic factor concentrate does, since the 
added vitamin is dialyzed from the former but not the latter. The 
method is also more suitable than the inhibition method for determining 
the vitamin By2-binding power of crude sources of active protein which 


contain relatively large amounts of non-vitamin By. growth factors for LD. 
leichmannit. 


BIBLIOGRAPHY 


1. Ternberg, J. L., and Eakin, R. E., J. Am. Chem. Soc., 71, 3858 (1949). 

2. Meyer, C. E., Eppstein, S. H., Bethell, F. H., and Hall, B. E., Federation Proc., 
9, 205 (1950). 

3. Prusoff, W. H., Meacham, G. C., Heinle, R. W., and Welch, A. D., Abstracts, 
American Chemical Society, 118th meeting, Chicago, Sept. 3-8, 27A (1950). 

4. Shaw, G. E., Biochem. J., 47, p. xxxv (1950). 

5. Skeggs, H. R., Huff, J. W., Wright, L. D., and Bosshardt, D. K., J. Biol. Chem., 
176, 1459 (1948). 


XUM 














(From 


Rec 
alanin 
test 0 
sentia 
is pos 
atives 
Howe 
by L. 
idly w 
ing in 
chang 
tO ass 
tempe 
acids, 
in adc 


Th 
under 
other’ 
of 2.5 
exper 
enoug 
to be 
6.1 to 
which 
& par 
pheris 

WI 


atten 


Bahia 





XUM 


THE EFFECT OF TEMPERATURE ON THE NUTRITIONAL 
REQUIREMENT OF MICROORGANISMS* 


By ERNEST BOREKt AND HEINRICH WAELSCH 


(From the New York State Psychiatric Institute and the Department of Biochemistry, 
College of Physicians and Surgeons, Columbia University, 
New York, New York) 


(Received for publication, December 28, 1950) 


Recently we reported the microbiological determination of L-phenyl- 
alanine and L- and D-phenyllactic acid with Lactobacillus arabinosus as the 
test organism (1). Although phenylalanine is not an absolute dietary es- 
sential to this organism, a microbiological determination of the amino acid 
is possible, for, in the absence of the amino acid or its metabolic deriv- 
atives, there is no visible growth at 35° until after 40 hours have elapsed. 
However, in the course of studies on the synthesis of this amino acid 
by L. arabinosus it has been found that below 35° the organisms grow rap- 
idly without phenylalanine, but at 37° they did not grow at all, even dur- 
ing incubation periods of 72 hours or longer. The profound effect of small 
changes in temperature on the synthetic ability of the organism was traced 
to associated changes in carbon dioxide tension. Studies on the effect of 
temperature on microbial synthesis have been extended to other amino 
acids, and in this report findings on tyrosine, aspartic acid, and histidine, 


| in addition to phenylalanine, are presented. 


EXPERIMENTAL 


The medium of Hac, Snell, and Williams (2), with the amino acid 


_ under study omitted, was used. The pH of the culture medium, unless 


otherwise noted, was 6.2. The microorganisms were cultured in a volume 
of 2.5 ml. in test-tubes, 25 X 100 mm., loosely plugged with cotton. In 


) experiments in which known concentrations of carbon dioxide were desired 
_ enough NaHCO; (1.1 mg. per 2.5 ml., 5.2 X 107° Mm) was added aseptically 


to be in equilibrium with a 30 per cent carbon dioxide atmosphere at pH 


| 0.1 to 6.2. The inoculated tubes were then quickly placed in a desiccator, 
_ which was evacuated, and pure carbon dioxide gas was admitted to yield 


| 4 partial pressure of 228 mm. of Hg. Air was then admitted to atmos- 
| pheric pressure. 


When the removal of carbon dioxide generated during metabolism was 
attempted at 26°, the culture tubes were placed in a vacuum desiccator 


* Supported by a grant from the Rockefeller Foundation. 
| Fellow of the John Simon Guggenheim Memorial Foundation, 1950-51. 
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containing glass wool wetted with 25 per cent KOH solution, and the ac 

desiccator was evacuated to a pressure of 15 mm. of Hg. f ty 
Growth was measured turbidimetrically in a Coleman junior spectro. ( ay 

photometer, model 6, with a cuvette 19 X 105 mm., and is expressed as | 























optical density (D). The size of the inoculum was carefully controlled | 
throughout; 0.04 ml. of a bacterial suspension of an optical density of 08 
was used (3). = 
TasB_eE I 
Dependence of Phenylalanine Synthesis in L. arabinosus on Temperature and Carbon | 
Dioxide Concentration 8 y 
N 
Conditions of incubation —- Growth g ; 
No 
hrs. D 87 
No DUCHY IBIONINOG TOD: AIR AIDS oo. !a%s6 ine so ssn si 8 swe 72 0.18-0.2 FF No 
zi QA Sy ere 72 0.00 4 
8 y per ml. pi-phenylalanine, 37° in air................. 20 0.21 8y 
No phenylalanine, 2 7 per ml. pu-phenyllactic acid, 37° No 
REIMAN eet es ore Ns oe PON pen ct, Ware anced oes, 5 aig ho 20 0.10 woh 
8 y per ml. pi-phenylalanine, 37°, 30% CO:, 0.0052 m 
Lo) COS MSP Na AMIE al pect Court Renin cre Roe ne ee 20 0.30 D 
No phenylalanine, 37°, 307% CO:, 0.0052 m NaHCO;...... 20 0.26 ' 
Eh eR TINOMNE ODE cn ic os 53 5, iad 20 0.23 _ 
8 y per ml. pL-phenylalanine, 26° in air................. 20 0.35 
No phenylalanine, 26°, at 15 mm. pressure over 25% 
RMR ae eG a he Sie ee Gi kre wise Ree ices Se Seth ewes 20 0.00 
8 y per ml. pi-phenylalanine, 26°, at 15 mm. pressure N 
Bea atl cutis cus os vas hase Ow 20 0.20 py 
Nopnenylalanines do. WAN. 5... eh oot kee 40 0.00 N ; 
No phenylalanine, 100 y per ml. 8-phenylethylamine, } — | 
SER RTMERAT A foe. fameso- Seco ceo vk piace eee Leon eoresectins Sie acssl ons 40 0.0 F&F i 
No phenylalanine, 100 y per ml. 6-phenylethylamine, ‘i 
ep VE) «ST I nage ee A OIE ears er aha Saree eng ay hae 72 0.0 F , 
200 - 
; 6No: 
RESULTS AND DISCUSSION F200: 
The synthesis of phenylalanine, tyrosine, and aspartic acid by L. a. 
arabinosus is affected by changes in temperature and carbon dioxide tension Ke 
in essentially the same way (Tables I, II, and III). When the organim> -— 
is incubated in air at 26°, there is good growth in 20 hours without pheny!- | 
alanine or aspartic acid. The synthesis of tyrosine is somewhat slower. tem 
Phenylalanine and tyrosine cannot be synthesized at 37° in air, even of ¢; 
prolonged incubation, but, when aspartic acid alone is lacking from the curs 
medium, the temperature must be raised to 39° to prevent growth. If as a 
the atmosphere of incubation at such high temperatures is enriched with out, 
carbon dioxide, there is abundant growth without phenylalanine or aspartit} —_pota 
4 





XUM 


stro- f 
d as | 
olled F 
f 08 | 


MS EEE 


arbon 





by LF 
tensiol 
rganism § 
phenyl: 
slower. 
even oll 
rom the F 
wth. I 
ed. with 
aspartit 





XUM 


E. BOREK AND H. WAELSCH 193 


acid in 20 hours, but, even though the organism is able to synthesize 
tyrosine at 26° in air at a considerable rate, at 37° synthesis is very limited 
even in a carbon dioxide atmosphere. Apparently, in this case; the high 


TaBLeE II 


Dependence of Tyrosine Synthesis in L. arabinosus on Temperature and Carbon 
Dioxide Concentration 














Conditions of incubation —— Growth 
| hrs. D 

8 7 per ml. L=tyrosime, 37" MEEPS, .1..,\0.s ars nce connec | 42 0.30 
Wo tyrosine, BF" GR oc ae | 72 0.00 
8 y per ml. L-tyrosine, 37°, 30% COz, 0.0052 m NaHCO... .| 42 0.25 
No tyrosine, 37°, 30% COz, 0.0052 m NaHCOs........... | 48 0.05 
Sy per ml. L-tyrosinie; 26° I air. 2.0.2 occ os. oan naa 42 0.48 
Ne tyrosine, OF le os ohiecds see eee | 20 0.00 
«“ E 7 aks |) a a eA er a. eee | 42 | 0.38 
8 y per ml. L-tyrosine, 26° in vacuo over 25% KOH...... | 42 | 0.42 


No are rosine, 26° in vacuo over 25% KOH 





TaBLe III 


Dependence of Aspartic Acid Synthesis in L. arabinosus on Temperature and 
Carbon Dioxide Concentration 














Conditions of incubation Rte 0h Growth 
hrs. D 

Noiaspartio: acid). 30° traits sens OP ea eee ces | 20 0.00 

80 y per ml. L-aspartic acid, 39° in air.................. 20 0.36 

No aspartic acid, 39° 30% COs, 0.0052 m NaHCQs........ 20 0.28 

“200 y per ml. L-malic acid, 39° in air. 20 0.00 

a " “« eo” “ * famaricsecid;as “ “ ..... 20 0.00 

3 ae “ 800% “ “ oxalacetate,* 39° “ “ oo 25 0.15 

200 y per ml. pL-aspartic acid, 26° i in air............... | 20 0.31 

No aspartic:actd, 26° Int amp 752 .0..5 ses eee eee 20 0.13 

200 per ml. pL-aspartic acid, 26°, at 15 mm. pressure | 

OVOR: 2575 ISO Bao et aha oie ec eee a 22 0.25 
No aspartic acid, 26°, at 15 mm. pressure over 25% | | 

R08... 22 | 0.00 








* The oxalacetate was added in four equal portions at 5 hour intervals. 


temperature of incubation impedes mechanisms other than the utilization 
of carbon dioxide for synthesis. That carbon dioxide is an essential pre- 
cursor for the synthesis of these amino acids at low temperatures, as well 
as at high, is demonstrated by the inability of the organism to grow with- 
out each amino acid at 26° if incubated at low pressures in the presence of 
potassium hydroxide solution. Incubation in deficient media at 39°, or at 
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26° under reduced pressure, does not impair the viability or alter the 
response of the organism to its environment, for it grows when the missing 
amino acids are supplied to the medium under these conditions but does 
not do so when it is inoculated into fresh culture media and incubated at 
39° without carbon dioxide. 

The experiments demonstrate that under special conditions of incubation 
amino acids, which are normally synthesized by L. arabinosus, can become 
essential nutrients. That L. arabinosus may be used as a test organism 
for the microbiological assay of these amino acids has been demonstrated 
for aspartic acid. In Fig. 1 standard growth curves, obtained by incu- 
bating the organism in the presence of various amounts of L- and pL- 
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Fig. 1. Growth curve obtained by incubating L. arabinosus with L- and Di-aspartic 
acid under reduced pressure at 26°. 


aspartic acid at 26° and 15 mm. of pressure, are presented. The presence 
of the p antipode apparently had no effect, for the bacterial growth at the 
end of 20 hours was proportional to the amount of the L-amino acid. 
When the organism was incubated at 39°, the growth curve for low con- 
centrations of L-aspartic acid was erratic but at higher concentrations 
coincided with that for twice the amount of pL-aspartic acid. 

The synthesis of amino acids (exogenous sources of which are not es- 
sential to the organism under normal conditions of incubation) can be 
studied under these conditions of incubation. For example, malic acid, 
unlike phenyllactic acid (1), cannot serve as a precursor of the amino acid. 
On the other hand, the organism grew well when oxalacetate was added at 
frequent intervals during incubation. It cannot be decided from these 
experiments whether the unstable keto acid served as a precursor in toto 
or merely as a source of carbon dioxide. 

Histidine can be synthesized both at high temperatures and at low 
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temperatures in vacuo. It is therefore possible that this amino acid is 
formed either from a precursor by a process in which carbon dioxide fixa- 
~ § _ tion is not involved or from the marginal concentrations of carbon dioxide 
: available, which may be adequate for synthesis. 





That carbon dioxide is essential for the growth of microorganisms has 

been known for a long time (4). Gladstone et al. (5) studied the effect of 

is carbon dioxide deprivation on the growth of microorganisms and found 

vi ' that the deficiency could be compensated for by the addition of peptone 

a j broth. They concluded that the microorganisms could produce carbon 

. dioxide more readily on such a medium. Lwoff and Monod (6) observed 

Ke that the lack of growth of Escherichia coli caused by carbon dioxide dep- 

. rivation could be overcome by a variety of dicarboxylic acids (succinic, 

| glutamic, aspartic acids, and, to a lesser extent, oxalic acid). These au- 

| thors suggested that the dicarboxylic acids serve as members of the citric 

| acid cycle and thereby increase the efficiency of the fixation of the carbon 
dioxide produced during latent growth. 

Lyman et al. (7) studied the dependence of the synthesis of various 
amino acids on the concentration of carbon dioxide and pyridoxine. They 
found that at 35° aspartic acid and histidine were synthesized in the pres- 
ence or absence of pyridoxine by L. arabinosus. They also observed in- 
creased phenylalanine synthesis in the presence of added 8-phenylethyl- 
amine and they suggested that carbon dioxide was the carboxylating agent. 
We found that the same organisms can synthesize histidine even at 40° 
but they can no longer synthesize aspartic acid at 39° without an exter- 

oil nal supply of carbon dioxide. Under the conditions of our experiments 
we were unable to observe any effect of 8-phenylethylamine on the growth 
of L. arabinosus in a medium devoid of phenylalanine. 
ence The studies reported here serve to emphasize the need for accurate 
t the control of the temperature of incubation, the pH of the culture medium, 
acid. and, consequently, changes in carbon dioxide tension during investigations 
con- of the nutritional requirements of microorganisms. A temperature change 
tions of 2° determines whether or not phenylalanine is an essential nutrient for 
L. arabinosus. 
rt es Several mutants whose nutritional requirements are dependent on pH 
in be § or temperature have been reported recently (8). Since all such mutants 
acid, have more exacting nutritional requirements at low pH levels or at high 
acid. temperatures of incubation, under which conditions the concentration of 
led at available carbon dioxide is lowered, it is possible that in some of these 
these mutants the ability to utilize carbon dioxide is changed. 
in toto 

We are indebted to Mr. Arthur Brecher for his able assistance during 

it low the course of this work. 
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SUMMARY 





When Lactobacillus arabinosus is incubated at 37° in media lacking only 
phenylalanine or tyrosine, or at 39° in the absence of aspartic acid, the | 
microorganism does not grow. If the atmosphere above the medium is | 
enriched with carbon dioxide, there is abundant growth at these tempera- 
tures without aspartic acid or phenylalanine and limited growth without 
tyrosine. 

Synthesis of these amino acids can also be blocked by the withdrawal 
of carbon dioxide from cultures of the organism in media lacking these 
amino acids at 26°. At this temperature abundant growth takes place 


without the amino acids under normal conditions of incubation. ia 
The lack of growth without these amino acids at high temperatures, or en 
at low temperature in vacuo, is apparently caused by the consequent Th 
deficiency of carbon dioxide. bil 
The synthesis of histidine is not influenced by incubation either at high - 
temperature or at low temperature in vacuo. of 
A connection between these findings and the mechanism underlying the si 
pH and temperature dependence of certain nutritional mutants is sug- = 
gested. 1 
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MASKING OF ACID-BINDING GROUPS IN NATIVE HORSE 
CARBON YLHEMOGLOBIN* 


By JACINTO STEINHARDT anp ETHEL M. ZAISER 


(From the Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, Massachusetts) 


(Received for publication, November 9, 1950) 


When proteins undergo denaturation, the number of certain of their 
characteristic functional groups (sulfhydryl, disulfide, phenylhydroxyl) 
reacting under specified conditions appears to increase substantially (15). 
The greater reactivity of denatured proteins, of which, perhaps, suscepti- 
bility to hydrolysis by proteolytic enzymes is a particular example, has 
been variously interpreted as an indication of increased steric accessibility 
of the groups in question, brought about by unfolding of the globular 
molecule into polypeptide chains, or alternatively as the result of actual 
bond breaking. 

The present paper demonstrates that even the most common and nu- 
merous functional groups of proteins, such as carboxyl, are subject to the 
same generalization: a large proportion of such groups present at the iso- 
electric point in the native form of at least one protein (horse carbonyl- 
hemoglobin, referred to as COHb in this paper) is not free to recombine 
with hydrogen ions until after a preliminary exposure to dilute acid. Al- 
though the experimental demonstration is limited to a single protein, there 
is reason to believe that somewhat similar results may be found with at 
least one other, crystalline edestin (2). 

Horse hemoglobin was chosen for this investigation because the unique 
steepness of the acid branch of its titration curve, as determined by Cohn 
et al. (5), sets it apart from most other proteins, and suggests that the re- 
action with acid must be more complex than the ionic acid-base equilib- 
rium usually postulated. It has been shown earlier that the acid 
branches (pH 2 to 6) of the titration curves of very dissimilar proteins, 
wool and egg albumin, are so similar as to be almost superimposable, when 
properly normalized. This approximate agreement is not surprising, since 
in this range the dissociation of carboxyl groups only is principally in- 
volved. Fig. 1 shows examples of the degree of agreement encountered 

*Brief accounts of these measurements were reported at the meetings of the 


American Society of Biological Chemists on April 20, 1950, at Atlantic City, and at 


a meeting of the Washington Chemical Society on May 11 at College Park, Mary- 
land. 
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with other proteins, and also indicates the marked discrepancy character- 
istic of COHb. 

The extreme steepness of the COHb curve (5) in the region pH 3 to 4 
cannot be readily accounted for theoretically by considering the effect of 
the interaction of the charges left on the protein by successive dissocia- 
tions, as can be done with the data for other proteins (4). Such effects 
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— Egg Albumin (Cannan) 

—-— Serum Albumin (Tanford) 
—-— Mercaptalbumin (Tanford) 
@ Carbonylhemoglobin (Cohn) 


Percent of Maximum Acid Bound 
ro) 
(e) 
| 
| 
| 
| 











| 
| 
| 
2 Ke) 4 pH > 6 
Fig. 1. Combination with acid by serum albumin and mercaptalbumin (21) com- 
pared with data for egg albumin at comparable ionic strengths (0.15 m) and with 
data for COHb (5) obtained in dilute salt solutions. The amounts combined are 
expressed as percentages of the total taken on in going from pH 6 to 2. The curve 
for wool protein (20) is similar to that of egg albumin. 


ie) 


tend to reduce rather than to increase the slope otherwise calculated. 
The greatest increase occurs with extreme abruptness, as if new acid-bind- 
ing groups were being brought into existence in this pH region. Further 
reason for believing that more than the usual titration equilibrium is in- 
volved in the steep portion of the curve exists in the observation that acid 
denaturation (accompanied by a marked change in color) occurs very 
rapidly in this pH region; furthermore, on the acid side of this region, 
back-titration with bases yields very different results (Fig. 2): 7.e., the 
“titration curve” does not represent, as it should, a reversible equilibrium. 
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Efforts to reproduce the earlier measurements obtained with a hydrogen 
electrode (5), by use of the glass electrode, gave further indications that 
the steep region of the “titration curve” indicated a superimposed ad- 
ditional effect. With the glass electrode, electrode equilibrium is attained 
very rapidly, and readings of electromotive force can be made from im- 
mediately after immersion in the reaction mixture up to and beyond the 
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| ve e ® Cohn, Green and Blanchard 
E @ NaCl OI M or less (I-5% protein) 
5 | @ © Ten Minute Readings 
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Fig. 2. Acid combination data of Cohn, Green, and Blanchard (5) for salt solu- 
tions compared with data at nearly the same ionic strength taken with the glass 
electrode after waiting 10 minutes. The differences in protein and salt concen- 
tration are almost without effect. 


time {over 10 minutes) which is required for hydrogen electrode equilib- 
rum. Very marked pH drifts in the region between pH 3 and 4 (rapid 
within the first 10 minutes, but extending up to many hours) were ob- 
served. The pH measurements obtained after waiting 10 minutes agreed 
closely with those of Cohn et al. (Fig. 2) and with the very accurate meas- 
urements of German and Wyman (9) on oxyhemoglobin at values above 
pH 4. It became quite evident that the true titration curve of COHb 
below pH 4 could be measured only if equilibrium measurements could be 
made within seconds after mixing, and recourse was therefore had to a 
rapid flow technique. 
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EXPERIMENTAL ( 





Crystalline COHb—Horse hemoglobin was crystallized at 5° in the pres. | age 
ence of a CO atmosphere by essentially the method of Ferry and Green } ‘me 
(7). The crude crystals were rhomboid plates, practically free of amor. tior 
phous material and cell débris. After recrystallization and washing : in ( 
several times with distilled water, stock solutions ranging in concentration B wit 
from 0.6 to 1.9 per cent were prepared by adding 1 m KOH to a paste of i bet’ 
crystals until the pH rose to 7.3. A trace of undissolved material was | ond 
removed by centrifuging. The Fe content, determined by the method of } ran: 
Klumpp (13), was 0.333 per cent, and both Kjeldahl (mercury catalyst) _ 
and Dumas determinations yielded N 16.51 per cent, based on the dried | 
weight (at 105°) of the preparation. These values are slightly low, owing 
to the presence of a small amount of salt. The N:Fe ratio, 49.5, was | 
therefore used in conjunction with the theoretical Fe content, 0.335 per | 
cent (based on a molecular weight of 66,800), to calculate the N content of } 
the pure protein, 16.57 per cent (Vickery and Leavenworth (22) give | 
16.79 per cent as the N content of horse hemoglobin). The extinction | 
coefficient at 5380 A was within 2 per cent of that recorded by Austin and 
Drabkin (6) for dog COHb. 

Electrodialyzed COHb—Stock solutions were prepared in the usual man- 
ner in the cold (18). Considerable amounts of protein precipitated during 
electrodialysis. The clear solution (pH 6.6 to 6.7) varied from 7 to 9 per 
cent in hemoglobin, greatly in excess of the solubility of the crystalline 
material described above. The nitrogen and iron contents, however, were | 
the same. 4 

Flow Measurements of pH—The pH in flowing solutions containing | 
COHb and HCl was measured with a MacInnes-Belcher tubular type glass | 
electrode (to conserve solution) and a Cambridge electronic pH meter. ; 
The flow calibration device and the mixing chamber, described by Ball 
and Chen (3), were coupled directly to the electrode (Fig. 3). A flowing 
junction with a KCl salt bridge connected to a calomel cell was also pro- 
vided. The volume required to fill the system from the top of the mixing | aboy 
chamber to the upper end of the glass electrode was 1.03 ml., of which | of th 
0.33 ml. was the volume of the inner tube of the electrode itself. Under | proce 
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9 cm. of Hg pressure the rate of flow through the electrode was 0.34 nl. ‘ as a! 
per second. Measurements of pH thus corresponded to a time of less than} = Th 
3 seconds after mixing. the d 

Observation of the mixing of an acid with an alkaline solution colored | the e 
by an indicator showed that mixing was complete by the time the solution | ing x 
left the mixing chamber. pH measurements made in stationary and flow- i Ba 


ing standard solutions of acids were the same. The amount of acid bound | by ey 
was calculated from the pH and activities of HCl (11) as in earlier work | trate 
(12). F the a 
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Calibration of the rates of flow, on which depends the proportion of re- 
agent and protein, was carried out simultaneously with the pH measure- 
ment, or in calibration runs preceding and following each pH determina- 
tion. The mixture passing through the electrode was always 0.4 per cent 
in COHb and between 0 and 0.02 m in HCl. All solutions were saturated 
with CO, but air was not rigorously excluded. There was no difference 
between points obtained with rates of flow corresponding to 3 and 6 sec- 
onds after mixing above pH 3.0; a slight difference appeared in the pH 
range 2.8 to 3.0, and disappeared again below pH 2.7. Measurements 


) | 


KCI 





—Calomel Cell 


Glass Electrode — 








Waste 


= 
Acid ——" -_— 


Mixing Chamber 


Fig. 3. Mixing chamber-glass electrode-calomel cell assembly used in obtaining 
accurate measurements of pH (0.005 unit) within 3 seconds of mixing protein and 
acid. The drawing is not to scale. The arrows indicate the direction of flow. 











Hemoglobin 


above pH 3.0 thus represent “instantaneous” points on the titration curve 
of the native protein, while at pH 2.8 and below the denaturation reaction 
proceeds so rapidly that a 3 second point is no longer essentially the same 
as a zero time reading. 

The 10 minute titration curves are based on continuous observations of 


the drift in pH up to 10 minutes after the flow of acidified COHb through 
colored | 


the electrode was halted. The flow apparatus was not employed in mix- 
ing solutions for 24 hour titration curves. 

Back-Titration Curves—Solutions of COHb which had been denatured 
by exposure to strong acid (usually 0.02 m HCl) for 30 minutes were ti- 
trated with KOH; measurements of pH were made 1 to 2 minutes after 
the addition of KOH. If the solutions were then left for a day or two, 
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the pH tended to drift to lower values; 7.e., to values nearer those char. 
acteristic of the 24 hour titration curve of the native protein. A few ex. 
periments with initial exposure to lower concentrations of acid showed 
that the same back-titration curve resulted, as long as the pH to which 
the protein was exposed was below 3. 

A few “instantaneous” back-titration experiments were performed by 
allowing mixtures of acid and COHb to pass from the mixing chamber 
directly into measured aliquots of KOH and measuring the pH after dilu- 
tion to a known volume. The results showed that the 3 second titration 
curve is reproducible by instantaneous back-titration above pH 2.9, but 
not after exposure (3 seconds) to lower pH. 

Spectrophotometric measurements were made with the Hardy recording 
spectrophotometer. Small amounts of ferrihemoglobin (about 2 per cent) 
were shown to be present in the stock solutions employed. 


RESULTS AND DISCUSSION 


Titration curves with HCl of dilute (0.4 per cent) solutions of COHb, 
at three different time intervals after mixing, are shown in Fig. 4. The 
measurements were made at a constant total chloride concentration 
(0.02 m) in order to permit direct comparison with the back-titration 
curve of protein initially exposed to 0.02 m HCl for 30 minutes. No data 
are shown for values below pH 2 since at this pH about 40 per cent of the 
acid added remains uncombined and the calculation of acid bound is sub- 
ject to considerable error. The curve labeled ‘‘24 hours” may be obtained 
at any interval between about 12 and 50 hours and thus represents either 
completion of reaction or attainment of an equilibrium. The latter alter- 
native is supported by the slow drift observed in the back-titration curve 
(which is much like the curves for other proteins shown in Fig. 1) toward 
the 24 hour data. This drift is so slow, however, that there is no difficulty 


pas tanner mars ae 








in regarding the back-titration curve given as representing an initial in- 


stantaneous value, when initially acid protein solutions are titrated with 
base. 
However, when initially neutral native protein is titrated with acid, 


there are great differences between 3 second, 10 minute, and 24 hour | 


curves. Over a considerable range of values more acid than pH 4.2 less 
than half as much acid is bound instantaneously (3 seconds) as after some 


hours. The data for 10 minutes shown in Fig. 4, which agreed with data J 
in the literature (Fig. 2), represent neither instantaneous nor final values | 


between pH 4.2 and 3.3, and are wholly arbitrary. 


The data for 3 seconds, however, represent an instantaneous equilib- 
rium involving unchanged COHb, down to values as low as pH 2.8 to 3. § 
The color of the flowing material appears unchanged down to this pH, [ 
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ar- almost 1 pH unit more acid than that at which the color is noticeably 
ex. |. darkened in 10 minutes. Furthermore, the curve obtained in 3 seconds, 
ved down to this pH, may be reached reversibly by “instantaneous” back- 
rich titration as well (see ‘“Experimental’’). 
Since at values above pH 2.8 to 3.0 the data for 3 seconds may be re- 
by § garded as indicative of an instantaneous acid-base equilibrium, uncom- 
ber | . 
ilu. |) le | | 
tion } | 
but TOTAL CHLORIDE 0.02 M- 25° 
@ 
€ | oO 3 seconds 
} 5 
ding o | © 10 minutes 
ent) > iz . 
2 | @ 22 hours 
= | ® Back Titration 
= | 
2 | 
“ 8 og|4 \ 
The ao“ \ 
ation 3 
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data 6 
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] ° 
aither = ol =, 
alter- | 9° 
curve O}--- os ‘ eee fy 
“4 | = } 
wee 2 3 4 pH 5 6 
iculty | oe ; , 
a Fic. 4. The amounts of hydrochloric acid combined with twice recrystallized 
‘ COHb (0.04 per cent) in solutions of constant chloride concentration as a function 
| with of pH and time. The two curves in the inset are obtained by difference: Curve 1, 
) by subtracting the 3 second data from the 24 hour data; Curve 2, by subtracting the 
acid, §} 3 second data from the back-titration data. 
hour § 
2 less ' plicated by slower superimposed changes, and since the back-titration data 


‘some |, May be regarded as indicative of an instantaneous acid-base equilibrium 
1 data |) characteristic of the protein after being fully altered by the slow reaction, 
values & the difference between these two curves should represent the titration 
curve of the acid-binding groups which are released on exposure to acid.' 


ib. © ia ; < a ; F 
quilib ‘The existence of a slow tautomeric reaction preceding proton exchange (such 
to 3.0. | sis found with nitromethane) is considered unlikely and specifically excluded from 
consideration. 
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These differences at each pH are shown as Curve 2 in the inset in Fig, 4, 
They vary over a very wide pH range, more than can be accounted for by 
an equilibrium involving a set of groups having a single chemical identity, 

The maximum difference found, attained between pH 3.1 and 3.5, is 
0.52 mm per gm., which corresponds to approximately 35 groups per mole. 
cule of COHb (the true value may be 36, since with this protein it is logical 
to expect a number divisible by 2 or 4). The decrease in the differences 
below pH 3 is to be expected since the data obtained in 3 seconds in such 
acid solutions are not identical with instantaneous (zero time) values. It 
is impractical to extend the range of the true difference curve by reducing 
the time after mixing (a 100-fold reduction in time would be required to 
extend the pH range by 0.3 unit) or by reducing the reaction rate by cool- 
ing (the acid denaturation of hemoglobin has a uniquely small tempera- 
ture coefficient). The fact that the curve has a fairly broad maximum, 
however, over a pH range in which the rate of the denaturation reaction 
increases by at least 40-fold, suggests that the maximum reached is real, 

Identity of Groups Liberated—The number of new groups which appear 
is roughly equal to the amide groups present in hemoglobin (16). Hovw- 
ever, little if any ammonia was liberated under the most extreme condi- 


tions of the experiments. Thus it is unlikely that hydrolysis of eithe}\ 


amide or peptide groups is involved. 

Because the difference curve (Curve 2, Fig. 4) covers a wide range of 
pH, it must be fitted by the titration curves of at least two sets of groups. 
If each of the sets corresponds to just half of the total number of groups 
liberated, then the pK values characterizing these sets would be approxi- 
mately 4.4 and 6.1. The first of these can only represent carboxylate 
(COO-) groups; the second suggests histidine. 

The data of Macpherson (14) indicate that there are thirty-four to 
thirty-six histidine groups in horse hemoglobin. However, it is easily 
shown that no more than half of these can be counted among the groups 
initially available; thus about half of the histidine is demonstrably ti: 
trated in the unchanged protein, since practically all the acid combined in 
going from pH 6.6 to 5.4 must be attributed to this amino acid. Further 
more, Wyman’s work with oxyhemoglobin (23) suggests that the remaib- 
ing histidine groups are titrated in the range pH 6.6 to 8.5; 2.e. all ar 
initially available. The fact that the amount of acid bound in this im 
terval on back-titration is about twice as great as in the original titration 
with acid may thus indicate that eighteen weak carboxyl groups, rathe 
than eighteen histidine groups, are among the thirty-six not originally 
available. An equal number of liberated groups (seventeen or eighteen), 
more certainly identified as carboxylates because of their greater strength) 
would represent exactly one-third of the free carboxyl content of the mole 
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‘ig. 4.| oyle (total aspartic and glutamic acid minus ammonia) (8). Thus either 
lor by | one-third of the carboxyl plus one-half the histidine, or, alternatively, 
ntity. | two-thirds of the carboxylate groups alone is initially unavailable for com- 
3.5, 18} bination with acid. 





‘mole- The nature of the bonding between these sets remains obscure; it cannot 
logical | he due to hydrogen binding through an acidic hydrogen, since 1 hydrogen 
renees } jon for each of the groups involved, rather than 1 hydrogen ion for each 
n such pair of groups, is taken up when the bonds are broken. The possibility 
es. It} that the impediment to combination with acid before unfolding is entirely 
ducing | steric cannot be ruled out. The number thirty-six is so large as to suggest 
ired to} that two linear arrays of eighteen may occur opposite one another in a 
vy cool} folded “edge” of the molecule (or two sets of nine in each half molecule) in 
mpera- | on arrangement suggestive of a zipper. 
ximum, Mechanism of Liberation—The number of groups liberated is not deter- 
reaction | mined by a simple (non-equilibrium) process which stops when the acid 
is Teal. | fyrnished is used up. If enough acid is used to bring the 3 second pH to 
_ appear 


some value between pH 3.2 and 3.5, the 24 hour (final) pH is about 0.4 
How- unit higher, say x. However, if a smaller addition of acid is used to bring 
e condi-) the 3 second pH initially to x, the 24 hour value rises anyway; i.e., groups 
of eithe!| yre liberated even at a pH value z, at which the reaction had already 
stopped in the former experiment. Such results indicate the slow estab- 
range O! jishment of an equilibrium. 
[ groups. The difference between the 3 second and the 24 hour data (Curve 1 in 
of groups ‘the inset in Fig. 4) indicates the number of new acid-binding groups which 
APPrOx- sre liberated, or made available, at each pH. A comparison of Curve 1 
rboxylate with Curve 2 shows that a higher concentration of acid is required to re- 
‘lease the groups liberated than they require to combine with acid them- 
y-four to} selves, 
is easily! fost of the groups liberated (up to pH 3) combine practically quantita- 
he group) tively with acid at the pH values-required for their liberation to occur. 
trably t Difference Curve 1 may thus represent the extent to which, at each pH, 
mbined it} ortain groups which initiate the liberation of all thirty-six themselves 
Further) combine with acid. The form of Curve 1 indicates that the initiating re- 
1e remaill') sction is characterized by an equilibrium involving the square of the hy- 
}.e. all a drogen ion activity. The exponent and the indicated pK value (3.8 to 
in this 39) suggest, therefore, that the combination with acid of two carboxylate 
al titratiO} nouns in each hemoglobin molecule is responsible for the unfolding proc- 
Ips, rathe «ss that liberates all thirty-four to thirty-six. 
originally Electrodialyzed Hemoglobin—Preparations purified by electrodialysis 
- eighteell rther than by crystallization are several times more soluble than crystal- 
or strengtht jing hemoglobin, but indistinguishable by any other physicochemical or 
f the mole aalytical property so far examined. The description given above for 
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both rapid and slow titrations of crystalline hemoglobin applies in every | cleai 


detail to the more soluble electrodialyzed protein (Fig. 5). acid 

Experiments without Added Salt—The titration curves of COHb as usu- occu 
ally given (10 minutes or more allowed for electrode equilibrium) show tity 
only small differences when measured at a constant low ionic strength, or the 


in the absence of salt. The mid-point inflection of the curve obtained © Pe 
without salt is only 0.1 to 0.2 pH unit less than that of the curve obtained | 
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under the same conditions as in Fig. 4. The curves in the inset have the same baits 


meaning as in Fig. 4. 


inste 


with 0.02 m chloride. When measured by the flow technique of the pres- Fx 
an 


ent study, however, the titration curve obtained in the absence of salt is 7 


shifted to the acid side by nearly 0.5 pH unit (Fig. 6). j Car 
Since it is impossible to measure the back-titration curve when salt is r ae 
absent, the only difference curve given in Fig. 6 (inset) corresponds to) — 
difference Curve 1 in Fig. 4. Comparison of these difference curves with — 
respect to pH, in Figs. 4 and 6, shows that little increase in acid binding | nae 
occurs above pH 4.1; with salt present, measurable “extra” acid binding | Pe 


occurred at values below about pH 4.4. Thus hemoglobin in salt-free | 
solutions is more stable to acid. The difference in stability is seen most) 
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clearly if difference curves are computed to give the amounts of “extra” 
acid bound in 10 minutes. From 4 to 8 times more delayed acid uptake 
occurs in 10 minutes in salt solution in the pH range in which this quan- 
tity can be accurately measured. The maximum delayed acid uptake in 
the absence of salt is, however, the same as in its presence; 7.e., 0.52 mM 
pergm. This value is attained at about pH 2.9. At this pH the greater 
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Fic. 6. The amounts of hydrochloric acid combined with COHb in solutions to 
which no salt was added. The curve in the inset was obtained by subtracting the 
3 second data from the 24 hour data and corresponds to Curve 1 in Figs. 4 and 5. 
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instability of hemoglobin in 0.02 m salt made it impossible to get a signi- 
ficant zero time titration curve, and the maximum value, 0.52, shown in 
Curve 2 of Fig. 4 (from back-titration), was never reached in the cor- 
responding difference Curve 1. 

The greater stability of COHb toward acid when salt is absent is also 
reflected in the pH at which noticeable change in color occurs in the flow 
experiments: 3.3 with salt present, 2.9 with salt absent. 

Relation between Delayed Acid Uptake and Denaturation—Three distinct 
degradative changes in the hemoglobin molecules might be expected to 
occur in dilute acid. These are dissociation of the molecule into halves 
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(10), splitting off of heme, and hydrolysis of amide or peptide bonds. The 
first of these can occur at very low hydrogen ion concentrations (pH above 
5), and is obviously not directly related to the phenomena reported in this 
paper. The second can be easily shown (by precipitation of the modified 
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about in the times indicated on exposure to solutions having the initial pH values | 
shown. The pH values after 24 hours were 1.9, 2.85, 3.68, and 3.87 respectively. | 
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The cross-hatched areas represent the initial absorption (COHb spectrum). 


protein at the isoelectric point) to require lower pH values than those con- 


cerned here (below pH 2); the same is true of sufficiently rapid hydrolysis 


of peptide and amide bonds (19). 


Denaturation itself, however, appears to occur to extents closely parallel | 


to the appearance of delayed or “extra” acid uptake. Fig. 7 summarizes 
the results of a number of measurements of the changes in the characteris- 








i 
i ~ 


spec 
initi 
(6), 
tion 
tion 
sum 
on § 
glob 
that 
acid 

It 
prod 
furtl 
prot 

St 
bina 
that 
neut 
the : 
plus 
isoto 
0.76 
mM | 
that 
outsi 
this | 
amid 


| at pl 


with 


of th 


Th 


2A 
globir 
betwe 
show! 
ence | 


tic COHb absorption spectrum which occur in the range of pH and time y salicy 


covered by the present measurements of acid-binding capacity. The . 





The 
OVE 
this 
ified 





ERIE. 





~ 


rought | 
values ' 
tively. 





e cOn- 


rolysis i 


arallel | 


rarizes | 
cteris- 
d time f 

The f 








J. STEINHARDT AND E. M. ZAISER 209 


spectrum of the final product of acid denaturation (24 hour curve at an 
initial pH of 2.6) is almost indistinguishable from that of ferrihemoglobin 
(6), and unpublished data of the authors). Thus the changes in absorp- 
tion noted could be due either to the effects produced by acid denatura- 
tion, or to the effect due to ferrihemoglobin formation alone, or to their 
sum. Detailed kinetic? studies and further measurements of absorption 
on solutions containing both native carbonylhemoglobin and ferrihemo- 
globin, from which all the denatured protein has been precipitated, show 
that there is excellent correspondence between the amount of delayed 
acid uptake and the fraction of total hemoglobin which is denatured. 

It will be observed that with the most acid solution (pH 1.9) the end- 
product is characterized by a significantly higher absorption, indicating a 
further stage of degradation (possibly the separation of the heme from the 
protein). 

Stoichiometry—In spite of much work (5), the stoichiometry of the com- 
bination of COHb with acid remains partly obscure. Theory demands 
that the amount of acid bound by a protein having an isoionic point near 
neutrality should be equivalent to the free carboxyl groups (the sum of 
the aspartic acid and glutamic acid content minus the amide nitrogen), 
plus some or all of the histidine. The data of Foster, obtained by the 
isotope dilution method (8), combined with the ammonia figure (16) yield 
0.76 mm per gm. for the free carboxyl groups. Since not more than 0.54 
mM per gm. can be added to this figure for histidine (14), by assuming 
that all the histidine is titrated on the acid side of the isoionic point, an 
outside limit of 1.30 is arrived at. The value found by Cohn et al., and in 
this paper (about 1.6), is considerably higher, and suggests that terminal 
amide groups are strong enough bases to combine with hydrochloric acid 
at pH values above 2. It has been shown elsewhere (19) that this occurs 
with wool protein and leads, at this temperature, to very slow hydrolysis 
of the amide group. 


Thanks are due to Professor George Scatchard, Massachusetts Insti- 
tute of Technology, for extension of the facilities of the Department of 
Chemistry and for helpful discussions. 


* Anson and Mirsky’s study (1) of the ‘“‘reversible denaturation”? of ferrihemo- 
globin by salicylate was based on an apparent difference in absorption of green light 
between native ferrihemoglobin and the denatured product. Roberts (17) has 
shown, however, that the increased absorption of the green light is due to the pres- 
ence of salicylate. There is no reason to believe that it occurs in the absence of 
salicylate or certain other substances. 

* The results of these studies were reported at the 117th meeting of the American 
Chemical Society on September 5, 1950, at Chicago. 
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SUMMARY 


“Titration curves” of carbonylhemoglobin are characterized by an 
anomalously high, almost abrupt increase in acid bound between pH 4 
and 3, as compared with other proteins. Hemoglobin rapidly denatures in 
this region and back-titration yields an entirely different curve. The true | (Fr 
titration curve has been obtained to values below pH 3 by measuring pH 
and acid bound within 3 seconds after instantaneous mixing. Data so 
obtained show only about one-third as much acid bound by carboxylate re 
within this range as when otherwise determined. The amount bound 





rises rapidly before attaining a stationary equilibrium value. Changes in wr 
the increase in acid bound are paralleled, at each pH, by simultaneous | (3 

spectrophotometric changes characteristic of formation of ferrihemoglobin pee 
and of denaturation. The difference between the 3 second and long time acic 
equilibrium curves or the back-titration curve reaches a maximum of 0.52 |g. , 
mm. per gm. at about pH 3. Thus thirty-four to thirty-six groups, ten- inte 
tatively identified either as carboxylate or as seventeen to eighteen each (5, 

of imidazole and carboxylate, are unavailable for combination with acid E stuc 


in varying degrees until after exposure to solutions with pH values between spor 
2.8 and 4.4. The mechanism of liberation, the various equilibria involved, | reg 


and their relation to denaturation by acid are discussed. one 
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STUDIES ON THE CONVERSION OF 3-HYDROXYANTHRANILIC 
ACID TO NIACIN IN NEUROSPORA* 


By CHARLES YANOFSKY anp DAVID M. BONNER 


(From the Osborn Botanical Laboratory, Yale University, New Haven, Connecticut) 
(Received for publication, November 24, 1950) 


Considerable evidence for the participation of 3-hydroxyanthranilic acid 
as an intermediate in the conversion of tryptophan to niacin has been ob- 
tained in studies with mutant strains of Neurospora (1, 2) and with animals 
(3, 4). However, comparatively little is actually known concerning the 
mechanism of the conversion of the benzene ring of 3-hydroxyanthranilic 
acid to the pyridine ring of niacin. Quinolinic acid has been implicated 
as a possible intermediate, or as the accumulated product of an unstable 
intermediate on the basis of studies with niacinless Neurospora mutants 
(5, 6) and rats (6-9). Leifer, Langham, Nyc, and Mitchell (10) have 
studied the conversion of 3-hydroxyanthranilic acid to niacin in Neuro- 
spora with isotopic nitrogen. They grew niacinless mutant C-86 on a 
medium containing unlabeled synthetic 3-hydroxyanthranilic acid and N'°- 
ammonium chloride as the sole sources of nitrogen. Niacin was isolated 
from the mycelium and assayed for its N'® content. It was found that 
approximately half of the niacin nitrogen was derived from the N'*H; in 
the culture medium. On the basis of these findings, they proposed that a 
symmetrical diamino compound may be an intermediate in the conversion 
of 3-hydroxyanthranilic acid to niacin. 

Similar isotope experiments performed with Neurospora mutants have 
yielded N'® values for quinolinic acid and niacin considerably different 
from 50 per cent (11, 12), and have suggested an alternative explanation 
of the results of Leifer et al. The experiments of these workers have there- 
fore been repeated under more critical conditions. It was suspected that 
the dilution found by these investigators was the result of additional syn- 
thesis of 3-hydroxyanthranilic acid by the mutant studied. If this were 
the case, the postulation of a new scheme of niacin synthesis would hardly 
be warranted. To eliminate this factor, the experiments of Leifer et al. 
were repeated with mycelial pads under essentially non-growing conditions. 


EXPERIMENTAL 


Preliminary experiments were performed to determine the amounts of 
various end-products appearing in the suspending medium when resting 


* These investigations were supported in part by the Rockefeller Foundation and 
in part by the Atomic Energy Commission (contract No. AT(80-1)-1017). 
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mycelial pads were incubated in the presence of kynurenine, 3-hydroxy- 
anthranilic acid, or quinolinic acid. Two nutritionally different strains 
were used in these studies, strains 39401 and 3416. Strain 39401 will grow 
in the presence of indole, tryptophan, kynurenine, 3-hydroxykynurenine, 
3-hydroxyanthranilic acid, quinolinic acid (at high concentrations), or ni- 
acin. Strain 3416 will grow only when supplied with niacin. For these 
experiments, mycelial pads were grown in 125 ml. Erlenmeyer flasks con- 
taining 20 ml. of Neurospora minimal medium supplemented with 20 y of 
niacinamide. After 72 hours the pads were removed and washed thor- 
oughly with distilled water. Two pads were then suspended in 10 ml. of 
distilled water (adjusted to pH 4.0 with dilute HCl) containing the supple- 
ments indicated in Table I. The flasks were stoppered and incubated with 
shaking at 36°. Samples were taken at 3 and 6 hours and assayed for 
niacin and quinolinic acid. Niacin was determined by use of a 2 ml. mod- 
ification of the microbiological method (13). Quinolinic acid was deter- 
mined as niacin after decarboxylation (6). The results are shown in Table 
I. It can be seen that pads of strain 39401 converted the three substrates 


tested to niacin. In other experiments it was found that the uptake of | 


quinolinic acid was not increased by lowering the pH of the incubation 
mixture. Pads of strain 3416 converted kynurenine or 3-hydroxyanthran- 
ilic acid to quinolinic acid but not to niacin. This strain shows the same 
behavior under growing conditions. 

An experiment was performed to determine whether the principal sub- 
stance formed from 3-hydroxyanthranilic acid by strain 39401 pads was 


niacin or niacinamide. Advantage was taken of the observation (14) that | 


the growth response of niacinless mutants of Neurospora to niacin is a 


function of the pH of the culture medium, while the response to niacin- 7 
amide is not affected appreciably by pH changes. To obtain enough ma- | 
terial to assay with Neurospora, ten washed pads of strain 39401 were | 


incubated at 36° in 100 ml. of water containing 5 mg. of 3-hydroxyanthra- 


nilic acid hydrochloride. After 16 hours the pads were removed and the 


filtrate concentrated to 10 ml. Samples were then assayed for niacin- 
active substances at pH 4.5 and pH 6.5 with niacinless strain 3416. The 
results are shown in Table II. From these data it appears that the prin- 
cipal substance in this filtrate showing niacin activity is niacin and not 


niacinamide. This observation was confirmed by chromatographing por- [ 


tions of this filtrate on paper with several developing solvents. In each 
case it was found that the niacin activity had the Rp value of pure niacin. 

N' Experiments—The culture medium used in the N° experiments was 
as follows: 1 gm. of KH:POx,, 0.5 gm. of MgSOu, 5 gm. of Nak tartrate, 
0.1 gm. of CaCh, 20 gm. of sucrose, 5 y of biotin, 1 ml. of trace elements, 
750 mg. of NH,Cl (the medium used in Experiments la and 2a contained 
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N“H,Cl), 1 mg. of niacinamide (Experiments la and 1b) or 5 mg. of 3- 
hydroxyanthranilic acid hydrochloride (Experiments 2a and 2b), and water 
to 1 liter. The medium used in Experiment 2 was adjusted to pH 5.0 
with HCl. 20 ml. portions of medium were dispensed into 125 ml. Erlen- 
meyer flasks, autoclaved, and inoculated with a conidial suspension of 


TABLE [| 


Formation of Niacin and Quinolinic Acid from Various Substrates Incubated with 
Resting Mycelium of Strains 39401 and 8416 





3 hrs. | 6 hrs. 


























Flask No. Strain | Substrate added ae ae | ES 
| | Niacin, uM peng Niacin, be peg 
| | 3 Re |r ee 
| me 

1 39401 | None | 0.24 0 0.29 0 
2 39401 | Kynurenine | 1 13.8 0 28 0.8 
3 39401 . | 0.5 2.8 0 9.7 0 
{ 39401 | 3-Hydroxy- | 2 70 8.9 | 138 1.6 
anthranilic | 
acid | 
5 39401 | 3-Hydroxy- | 0.5 | 24 0 42 0 
| anthranilic | | 
acid | | 
6 39401 | Quinolinic acid | 10 | 20 97 
7 39401 | a “ | @ 0.9 2.4 
8 3416 | None | 2.9 | 23 | 52] 5.5 
9 3416 | Kynurenine ae 2.4 9.7 2.4 | 16 
10 3416 | « | @e-}) ie 46 | 23 | 14 
11 3416 | 3-Hydroxy- | 2 3.3 | 17 ; 2.6 | 28 
| anthranilic | | | 
| acid 
12 3416 | 3-Hydroxy- | 0.5 | oa 14 2.4 | 15 
| anthranilic | | | 
acid | | 
13 3416 | Quinolinie acid 10 | 6.0 | 8.6 | 
14 3416 % an a ee | 6.0 | 








strain 39401. The flasks were then incubated at 30°. After 48 to 72 hours 
the mycelial pads were removed and washed thoroughly with distilled 
water. Sterile 500 ml. flasks were prepared containing 90 ml. of sterile 
distilled water plus supplements. The solution in each was adjusted to pH 
4.0 with dilute HCl. Ten washed mycelial pads were suspended in each 
flask, and the flasks were incubated with shaking at 36° for 16 hours. 
Isolation of Niacin; Experiment 1a—At the end of the incubation period 
the mycelium was filtered off, washed, and saved for N'® determination. 
The filtrate was brought to 100 ml. and a 1 ml. aliquot was taken for assay. 
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The filtrate was then concentrated in vacuo to 10 ml. and 1 ml. of 10 y 
H.SO, was added. The solution was autoclaved for 30 minutes at 15 
pounds pressure. After cooling, the solution was neutralized with NaOH. 
Alcohol was added and the precipitated salts filtered off and washed. The 
solution and washings were combined and concentrated to about 2 ml, 
This fraction was then applied to a single sheet of Whatman No. 1 filter 
paper (15) and developed as an ascending chromatogram with a mixture of 


TaB_e II 


Growth Response of Strain 3416 to Niacin, Niacinamide, and Filtrate of Resting 
Mycelium Experiment 














Dry weight of mycelium 
Supplement 
pH 4.5 pH 6.5 
Kf mg. mg. 
Niacin 500 47 
250 Ad 
100 28.8 
50 3.2 
20 56.0 0 
15 56.3 
10 48.2 
5 23.8 
Niacinamide 30 55.1 45.0 
20 58.2 45.0 
15 53.6 40.0 
10 51.0 36.3 
5 14.2 13.8 
ml. 
Concentrated filtrate 2 2.3 
1 0 
0.7 50.3 0 
0.5 49.5 0 
0.3 46.1 0 
0.1 5.2 











ing solvent. The position of niacin on the chromatogram was determined 


eluted by shaking twice with 40 ml. portions of hot 95 per cent ethandl. 
This eluate (first eluate) was brought to 100 ml. and a 1 ml. sample taken 
for assay. To the remainder, 15 mg. of stock niacin were added and the 


solution was taken to dryness. The residue was sublimed in vacuo at 100°.) 


The sublimate was dissolved in hot absolute ethanol and the resulting s0- 
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lution was concentrated following treatment with norit. The crystals of 
niacin were filtered off and resublimed in vacuo (m.p. = 230-232° uncor- 
rected). 

The filtrate from Experiment 1b was diluted to 100 ml. and samples 
were taken for assay. 

Isolation of Niacin; Experiment 2a—The mycelium was treated as in 
Experiment 1a, the filtrate was brought to 100 ml., and a 1 ml. aliquot was 
taken for assay. The filtrate was then concentrated in vacuo without fur- 
ther treatment. This concentrate was applied to a single sheet of What- 
man No. | filter paper as in Experiment la, and developed as an ascending 
chromatogram with butyl alcohol, propyl alcohol, and water (1:2:1; 0.01 


TaB_e III 
N'5 Analyses 

















Per cent 
i Niacin activity in At Atom per aed N from Dee cont 
Lod Additi cont ounetd pe Nis FE — — niece 
Ba,| Additions | aa | fateeas, | draw. | from 
No. 1 mycelium heaves Pp anthra- |N!5H,Cl 
Filtrate| _,18t 2nd — nilic 
eluate | eluate acid 
a 7 yi | 
la | 5 mg. 3-hydroxy-| 510 405 7.069 | 0.012 | 15.4:0.401|] 93.4 | 6.6 
anthranilic hy- 
drochloride 
lb 4 
2a | 5 mg. 3-hydroxy- {1430 1260) 875 | 58.74 0.011 |40.86:0.866] 99.1 | 0.9 
YY iy 
anthranilic hy- 
drochloride 
2b 15.2 
































_ m with respect to ammonia) as the developing solvent. The niacin zone 


was located as before and eluted with several portions of hot 95 per cent 
ethanol. These extracts were brought to 100 ml. and a 1 ml. sample was 
taken for assay (first eluate). The remainder was concentrated to about 
2 ml. and applied to a sheet of Whatman No. | filter paper. The develop- 
ing solvent used contained butyl alcohol, propyl alcohol, and water in the 
proportion of 1:2:1 by volume. The niacin was eluted as before and the 


absorption spectrum compared with that of pure niacin. The spectra 
Phe see: F 
e niacil | 


were found to be identical. The alcohol solution was brought to 100 ml. 
and a 1 ml. sample was taken for assay (second eluate). 40 mg. of stock 


» niacin ‘were added to the remainder. This solution was taken to dryness 


and the niacin was sublimed, crystallized, and then resublimed (m.p. = 
231-233° uncorrected). 


The filtrate from Experiment 2b was treated in the same manner as that 
from Experiment 1b. 
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The nitrogen of samples taken for N* analysis was converted to ammo- 
nia by the method of Shirley and Becker (16). 

The results in Table III show that only a small percentage of the nitro- 
gen of niacin was actually derived from sources other than the 3-hydroxy- 
anthranilic acid incubated with the mycelial pads. Somewhat more N% 
was found in the niacin isolated in Experiment la. This result was not 
unexpected since the filtrate obtained from this experiment was hydrolyzed 
with acid prior to chromatographing. The hydrolysis led to dilution of 
the niacin synthesized with niacin liberated from other compounds by acid 
hydrolysis. Direct chromatographing of the filtrate from Experiment 2a 
separated the niacin synthesized from at least niacinamide and quinolinic 
acid, both of which yield niacin on acid treatment and both of which were 
found on the first chromatogram. The three solvent mixtures used for 
developing the chromatogram were chosen because each gave good separa- 
tion of niacin from 3-hydroxyanthranilic acid, quinolinic acid, and nia- 
cinamide in trial experiments. 


DISCUSSION 


Leifer et al. (10) grew a Neurospora mutant on unlabeled 3-hydroxyan- 
thranilic acid and N'°H,Cl as nitrogen sources to determine whether the 
nitrogen of 3-hydroxyanthranilic acid is the sole precursor of the nitrogen 


of niacin. Their data indicated that approximately 50 per cent of the | 


nitrogen of niacin was derived from the amino nitrogen of 3-hydroxyan- 
thranilic acid. They concluded from their results that the transformation 


of 3-hydroxyanthranilic acid to niacin may involve an unidentified sym- § 


metrical compound as an intermediate. They further suggested that a 


second amino group may be attached to 3-hydroxyanthranilic acid in the | 


4 or 6 position before the conversion of the benzene ring to the pyridine 
ring. 

In the experiments reported here the N'® content of niacin synthesized 
by resting mycelium was determined, while Leifer et al. isolated the niacin 
formed during growth. Since the niacin isolated in our experiments was 
found to contain extremely small amounts of N", the only significant nitro- 
gen source of the pyridine nitrogen of niacin under these experimental 
conditions is the amino group of unlabeled 3-hydroxyanthranilic acid. 
These results also show that there is no significant storage in the mycelium 
of 3-hydroxyanthranilic acid, other intermediates leading to niacin, or nia- 
cin itself. 

There still remains, however, the problem of accounting for the experi- 
mental findings of Leifer et al. These workers stated that it was unlikely 
that their results were due to additional synthesis of niacin during growth 


by the mutant employed. However, this mutant will grow equally well > 
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when given tryptophan or niacin. Therefore this strain, when grown 
on niacin, does synthesize tryptophan from inorganic nitrogen, since the 
amount of niacin fed is too small to serve as a tryptophan precursor. 
Since this mutant is not blocked in the conversion of tryptophan to niacin, 
it seems reasonable to conclude that under growing conditions this strain 
will synthesize niacin. In the experiments of Leifer et al. this extra syn- 
thesized niacin would contain N° since it would be formed from labeled 
tryptophan. The niacin produced from the unlabeled 3-hydroxyanthra- 
nilic acid would be expected to be diluted with the labeled niacin. This 
dilution would explain the results found by these workers. 

An isotope experiment has also been reported which was performed with 
mutant 39401 under growing conditions (12). This strain was grown on 
N-labeled indole and the niacin formed in the mycelium during growth 
was isolated. It was found that approximately 25 per cent of the nitrogen 
of the niacin isolated was derived from the nitrogen of the indole added. 
The remainder was obtained from the unlabeled inorganic nitrogen in the 
culture medium. Additional N' experiments, performed with similar mu- 
tants under growing conditions, have shown conclusively that these mu- 


cyan- tants can carry out reactions which were assumed to be blocked.! The 


r the | 


extent of “leakage” through the block was found to be a function of the 


, conditions under which each mutant was cultured. The fact that Leifer 


et al. found close to 50 per cent dilution of the niacin N is coincidental. 


, Had their experiments been performed with a smaller or larger supplement 


of 3-hydroxyanthranilic acid, their results certainly would have been dif- 
ferent. 


The authors wish to thank Dr. Henry Hoberman of the Department of 
Physiological Chemistry, Yale University, for very kindly performing the 


| isotope analyses reported here. 


SUMMARY 


1. Resting mycelium of a mutant strain of Neurospora, characterized by 


| its ability to utilize niacin or its precursors for growth, converts kynure- 


nine, 3-hydroxyanthranilic acid, or quinolinic acid to niacin. Resting my- 


| celium of a second strain, characterized by a growth requirement for niacin 


and its inability to utilize any niacin precursor, converts kynurenine or 
3-hydroxyanthranilie acid to quinolinic acid and not to niacin. 
2. N' experiments have shown that the nitrogen of the amino group of 


' Unpublished experiments of C. W. H. Partridge and D. M. Bonner. 
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LIBERATION OF LYSINE BY ACID AND ENZYMES FROM 
HEATED LYSINE-GLUCOSE MIXTURE 
8). 


1948) By D. R. CLANDININ, JOAN M. STEVENS, A. B. MORRISON, anp 
A. R. ROBBLEE 


i (From the Division of Poultry Husbandry, University of Alberta, 
Edmonton, Alberta, Canada) 


7 t (Received for publication, December 7, 1950) 

Studies on the formation of humin in protein hydrolysates have demon- 
strated that heating causes a reaction between carbohydrates and certain 
amino acids (1-3). This reaction, often referred to as the Maillard re- 

(1947). 


action, has significance in connection with the development of brown color 
during the processing of foods. Further, this reaction appears to have 
nutritional importance, since recently it has been shown (4, 5) that heat- 
ing reducing sugars in the presence of amino acids causes the latter to be- 
come nutritionally unavailable to chicks and microorganisms. Indeed, 
Patton et al. (6) have suggested that the decreased availability to chicks 
and microorganisms of lysine in heat-damaged soy bean oil meal (7, 8) is 
a result of this type of reaction. 

Riesen et al. (8) and Clandinin (9) have shown that the liberation of 
lysine from heat-damaged protein materials by enzymatic hydrolysis is 
much lower than by acid hydrolysis. These workers suggest that values 
obtained by enzymatic hydrolysis give a more reliable index of the 
nutritive value of heat-treated protein materials than do those by acid 
hydrolysis. 

The present study was undertaken to determine whether or not the 
heating of a lysine-glucose mixture in an autoclave for different periods of 
time affects the liberation of lysine by acid and enzymatic hydrolysis in a 
manner similar to that reported (8, 9). 





Methods 


Samples 1 to 9 (Table I), in quadruplicate, of 50 mg. of L-lysine mono- 
hydrochloride monohydrate (equivalent to 36.5 mg. of L-lysine) and Sam- 
ples 10 to 18, in quadruplicate, of 50 mg. of u-lysine monohydrochloride 
monohydrate and 250 mg. of glucose, were placed in 125 ml. Erlenmeyer 
flasks and heated in an autoclave at 15 pounds steam pressure for 0, 4, 
73, 15, and 30 minutes and for 1, 2, 4, and 8 hours respectively. A sec- 
ond series of samples, identical to these except that 5 ml. of distilled water 
were added to each flask, was heated in an autoclave in the manner re- 
ferred to above. 
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After heat treatment two samples of each quadruplicate in both series 
were subjected to acid hydrolysis and two to enzymatic hydrolysis. Acid 
hydrolysates were obtained by hydrolyzing the samples with 25 ml. of 
2 N hydrochloric acid for 5 hours in the autoclave at 15 pounds steam pres- 
sure. Enzymatic hydrolysates were prepared by digesting the sample 
with 75 mg. of pancreatin (Nutritional Biochemicals Corporation, 3 x 
U.S. P. potency) and 25 mg. of crude intestinal hog mucosa (The Wilson 


TaBLe I 
Liberation of u-lysine 
In Samples 1 to 9, 36.5 mg. of L-lysine were used; in Samples 10 to 18, 36.5 mg. 
of L-lysine and 250 mg. of glucose were used. 





























Series I, heated without Series II, heated with 
water water 

Sample No. Autoclaved at 15 lbs. ae, = 

Acid Enzymatic Acid Enzymatic 

hydrolysis hydrolysis hydrolysis | hydrolysis 
mg. mg. | mg. mg. 
1 No heat 36.4 36.8 | 37.3 37.8 
2 | 4 min. 36.0 37.2 | 36.1 35.8 
3 | “ * 36.4 35.4 35.8 36.7 
4 | 15“ 33.9 36.4 34.6 36.1 
5 | 30 « | 34.4 37.1 34.9 37.5 
6 | 1 hr. | 34.9 38.5 35.9 | 37.1 
7 | 2 hrs. | 33.3 35.3 34.5 36.4 
8 | 4 « | 33.3 37.6 | 34.8 34.7 
9 | St | 33.9 35.0 34.9 35.3 
10 | No heat 36.1 34.9 37.1 37.7 
11 | 4 min. | 31.2 26.7 34.8 34.5 
12 | n * | 27.7 19.8 34.7 34.8 
13 | 5 | 23.7 wa .| 22 35.2 
14 | a0. | 12.9 | 9.4 | 35.0 35.0 
15 | 1 hr. 7) | 38. 1. oe 34.3 
16 | 2 hrs. 6 | 28 | wa | ee 
17 4 « | oe Se | wa | Ge 
3.6 is. | | ee 


18 -: 











Laboratories) in 50 ml. of 0.2 m disodium phosphate buffer solution for 
72 hours at 37°. The amount of L-lysine liberated was determined mi- 
crobiologically according to the procedure employed by Riesen et al. (8). 

In Table I the values reported represent averages of two assays in 
duplicate. 


RESULTS AND DISCUSSION 


The heating of L-lysine, dry or in the presence of water, produced no 
visible browning of the lysine or lysine-water solution. On the other 
hand, the heating of a mixture of L-lysine and glucose, dry or in the pres- 
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Ties ence of water, resulted in visible browning of the mixture. The degree of 
\cid browning was more pronounced in the dry series than in the water series. 
. of Further, the degree of browning increased as the time of heating increased 
TeS- in much the same way as was noted in the samples of soy bean oil meal of 





aple | (landinin et al. (7). Indeed, heating the lysine-glucose mixture without 
} X | water not only caused various degrees of browning but also decreased the 
lson | water solubility of the residues to such an extent that microbiological 
assay on the residues without acid or enzymatic hydrolysis was considered 

| inadvisable. 
The results of the microbiological assays, shown in Table I, indicate 


be that heating L-lysine alone in an autoclave at 15 pounds steam pressure 
—— J} for 8 hours has no appreciable effect on its availability after acid or en- 
be zymatic hydrolysis. On the other hand, it is apparent from the data that 
a heating L-lysine in the presence of glucose has a pronounced effect on its 
natic 


lysis availability subsequent to acid or enzymatic hydrolysis. Further, the 
reduction in availability of lysine in the heated lysine-glucose samples is 
much more pronounced when they are heated dry than in the presence of 
water. It will also be noted from the values reported that the greatest 
decrease in the availability of lysine in the dry mixtures is effected during 
the Ist hour of heating. It is of interest to point out here the parallel 
between these results and the marked decrease in availability of lysine 
reported by Clandinin (9) as occurring in fish meal that was overheated 
for a short time during flame drying. 

The data show that, in the samples without water, enzymatic hydroly- 
sis released considerably less lysine from the heated lysine-glucose sam- 





bss, bo 


ples than did acid hydrolysis. This finding suggests the formation, on 
‘ heating in the absence of water, of an enzymatic-resistant, acid-non-re- 
5 sistant linkage between lysine and glucose, such as the one postulated by 
t Evans and Butts (10). If this is the case, the reaction between lysine and 
carbohydrate might consist first of the formation of an enzymatic-resistant 
, but acid-non-resistant linkage, followed by the formation of an enzymatic- 
ak and acid-resistant linkage or disintegration of the lysine molecule. 
“4 for SUMMARY 

d mi- 

(8). 1. The liberation of lysine by acid and enzymatic hydrolysis from a 


ys in lysine-glucose mixture, heated in an autoclave at 15 pounds steam pres- 
sure for varying periods of time, was greatly decreased by the heat treat- 
ment. 

2. The decrease in liberation of lysine was greater when the mixture 
ed no | Was heated dry than when heated in the presence of water. 

other 3. The liberation of lysine by enzymatic hydrolysis from a heated ly- 
, pres: sine-glucose mixture was less than the liberation of lysine by acid hydroly- 
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sis, 


HEATING LYSINE-GLUCOSE MIXTURES 


suggesting the formation on heating of an enzymatic-resistant linkage 


between glucose and lysine. 
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: THE EFFECT OF ACETYL DONORS ON CREATINE FORMATION 
IN RATS AND DOGS* 


By ALEXANDER KANDEL anp MAYNARD B. CHENOWETH 


(From the Department of Pharmacology, Medical School, University of Michigan, 
} Ann Arbor, Michigan) 


(Received for publication, January 8, 1951) 


Glycerol monoacetate has been employed in this laboratory as an effec- 
tive antagonist to the toxic actions of sodium fluoroacetate in animals (1). 
iol, It has been assumed that such antagonism stems from the ability of glyce- 
rol monoacetate to provide labile 2-carbon chains to compete with fluoro- 
acetate in the formation of one or more intermediary metabolites (2). An 
unusual extension of this ability to donate a metabolically active 2-carbon 
fragment was fortuitously discovered when it was observed that urine 
collected from dogs treated daily with glycerol monoacetate contained 
large amounts of creatinine and preformed creatine. The studies reported 
in this paper suggest a direct and active participation of glycerol mono- 
acetate in the synthesis of glycocyamine in vitro and the formation of 
creatine in vivo. The synthesis of creatine and its congeners appeared, 
then, to be useful as a measure of the availability and activity of acetyl 
groups. Experiments were designed to demonstrate this acetyl donor 
property of glycerol monoacetate as well as to elucidate previous prelimi- 
nary observations (8). 


liry 


EXPERIMENTAL 


In Vivo; Dogs—Urine was collected from unanesthetized female dogs, 
by means of a retention catheter, during 10 to 12 hour periods on separate 
days, the first of which constituted a control. Whenever possible, the 
same animals were used to compare glycerol monoacetate with other com- 
pounds. These were administered on different days after the control level 
of urinary creatine and creatinine was ascertained in each animal. The 
route of administration was intramuscular or oral. The compounds stud- 
ied, with the exception of sodium acetate, were injected intramuscularly 
since vomiting occurred when they were given orally. 

Creatinine was determined by a modification of the procedure employed 
by Bonsnes and Taussky (4). Preformed creatine was converted to cre- 

* This investigation was supported in part by a research grant from the National 


Heart Institute, National Institutes of Health, United States Public Health Service. 


1 Chenoweth, M. B., Kandel, A., Johnson, L. B., and Bennett, D. R., unpublished 
work. 
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atinine by boiling with n hydrochloric acid and determined by the differ- 
ence between the total and preformed creatinine. Glycocyamine was 
determined by a modification of the Sakaguchi test (5), and an x-chromo- 
gen, probably glycocyamidine, by subtracting the value obtained for pre- 
formed creatinine by the dinitrobenzoate method (6) from that by the 
alkaline picrate method (4). Qualitative determinations were made for 
reducing substances, proteins, ketones, acetate, and lactate in the urine 
(7, 8). 

In Vitro; Rats—Kidney cortex and liver slices and cell-free homogenates 
of renal cortex from Sprague-Dawley rats were used for these experiments, 
The method of Borsook and Dubnoff (9) was employed in studying glyco- 
cyamine and creatine formation in such preparations. All reagents and 
substrates were made up in S¢grensen’s phosphate buffer, pH 7.0. A Pot- 
ter-Elvehjem homogenizer was used to macerate the kidney cortex. Only 
endogenous arginine was employed in these experiments. The reaction 
mixtures were incubated for 3 hours at 38° with 95 per cent O2 and 5 per 
cent COs. 


RESULTS AND DISCUSSION 


The first two series of dogs (Series A and B, Table I) were treated with 
different samples of crude glycerol monoacetate assaying 70 and 56 per 
cent of the theoretical for the ester, respectively. Free acetic acid was 
removed by shaking the samples with alumina and filtering. The dispari- 
ties in the total creatinine produced show some relation to the actual 
amounts of glycerol monoacetate employed. It is not known whether the 
a or B isomer of the ester, or what proportion of each, was present, nor 
which one was the active component. Glycerol monoacetate, however, 
did increase the urinary creatinine level, while other neutral acetyl donors! 
were, for various reasons of toxicity, unsuitable for extensive study, al- 
though some did occasion an increased excretion of creatine and creatinine. 

Harrow et al. (10) found that acetate and glycerol increased the forma- 
tion of acetylated p-aminobenzoate in rabbits. It was believed, there- 
fore, that glycerol by a similar mechanism would contribute acetyl groups 
for the formation of creatine. In each dog examined, however, adminis- 
tration of glycerol produced no increase in the total creatinine. Although 
commercial samples of glycerol monoacetate contain fairly large amounts 
of glycerol, in view of the above findings it can be safely ventured that the 
increase in total creatinine in the urine reflects only the glycerol monoace- 
tate content of the crude preparations. 

Sodium acetate, given in amounts almost twice those of glycerol mono- 
acetate, on an equimolar basis (see Table I), did not produce as marked an 
increase as the latter. In no animal receiving either glycerol monoacetate, 
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r- glycerol, or sodium acetate was acetate detected in the urine. There was 
18 no evidence of reducing substances, proteins, or ketones. Lactates were 
0- found only in the urine of those animals which were injected with glycerol. 
TaBLeE I 
“ Comparison of Influence of Glycerol Monoacetate, Sodium Acetate, and Glycerol on 

, Total Urinary Creatinine in Dogs 
- Average values of the number of animals indicated. 
eS | Total creatinine following 
ts, _— ‘does, Glycerol | ri 
sai Control wicnoaeeate | Sodium acetatet Glycerolt Increase 
nd mg. per kg. per hr. | mg. per kg. per hr. | mg. per kg. per hr. | mg. per kg. per hr. | per cent 
ot- A 5 | 1.28 + 0.05f | 1.65 + 0.10f | 30 
nly B 6 | 1.53 + 0.06 | 1.84 + 0.12 20 
‘on C 6 | 1.65 + 0.12 1.91 + 0.13} 12 
D | 3 | 1.62 + 0.06 1.60 + 0.08t 
per dias 
* Series A received 28 mm per kilo of glycerol monoacetate, and Series B 22 mm 
per kilo of glycerol monoacetate. 
+ 36 mm per kilo. 

“ith t Standard error. 
per TaBLe II 
was Combined Effect of Glycerol Monoacetate and Guanidine on Total Urinary 
ari- Creatinine in Dogs 
a Dog No. = Guanidine Glycocyamine aban Creatinine, total 
nor mM per kg. mM per kg. mg. per kg. per hr.\mg. per kg. per hr.\mg. per kg. per hr. 
ver, 30 1.42 

ors! 28 1.64 

al- 0.25* 1.42 

fe 24 0.25* 1.31 

=, 28 1.0t 0.28 Le 

rma- 52 1.11 

nere- 32 1.0t 0.02 0.03 0.53 

yen * Intravenously. 

Ins } Intramuscularly. 

ough t Subcutaneously. 

yunts 

+ the The appearance of glycocyamine following the simultaneous administra- 

oace- ) tion of guanidine hydrochloride, subcutaneously, and glycerol monoacetate, 

intramuscularly (Table II), could be related to the differential depression 
nono. | ° the activities of the liver and the kidney cortex seen in the rat (Tables 
edan | ‘iland IV). In the dog, this depression could be observed only when the 
otate, | Suanidine was administered subcutaneously in relatively large amounts. 
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226 CREATINE PRODUCTION 
The liver, the site of methylation of glycocyamine, is far more susceptible ( 
to the action of guanidine in vitro than is the kidney cortex, which probably mc 
accounts for the presence of glycocyamine and the decrease of total cre- wh 
atinine in vivo. shc 
Tasie III ] 
Depression of Glycocyamine Formation by Guanidine in Rat Kidney Cortex Slices | lati 
Glycocyamine hor 
Guanidine added con 
Formed Change vol 
mg. per gm.* mg. per gm.* per cent whi 
0.36 at t 
0.03 0.30 —19 
3.00 0.29 —20 
30.00 0.13 —64 Inf 
* Calculated as wet weight of tissue. e 
TaBLe IV ii 
Depression of Creatine Formation by Guanidine in Rat Liver Slices - 
Glycocyamine added Guanidine added Creatine formed* = 
mg. per gm.t mg. per gm.t mg. per gm.t 
0.70 
2.5 4.65 
2.5 0.0003 2.10 
2.5 0.03 1.15 
2.5 0.3 0.50 
2.5 3:0 0.00 * | 
* No creatinine formed in any experiments. 
+ Calculated as wet weight of tissue. CI 
TABLE V sent 
Influence of Glycerol Monoacetate and Sodium Acetate on ete caaatini Formation in jae 
Rat Kidney Cortex Slices ‘ 
respe 
Glycocyamine Gu 
Pn Sodium acetate Formed Change by ¢ 
. ; : . activ 
Series A Series B Series A Series B ‘ 
tratic 
M M mg. per gm.* mg. per gm.* per cent per cent the r 
0.19 0.20 
0.002 0.35 0.32 +81 +46 
0.004 0.35 0.48 +81 +123 1 
0.002 0.20 0.20 43 4 : 
0.004 0.30 0.33 +60 +53 3 I 
* Calculated as wet weight of tissue. 4. B 
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dle On the basis of greater cellular permeation it was expected that glycerol 
bly monoacetate would surpass sodium acetate as a precursor of glycocyamine 
re- when both substrates were incubated with kidney cortex slices. This was 





shown to be true (Table V). 
i It seems rather unusual, however, to observe similar quantitative re- 
ae lationships existing when the two agents are incubated with a cell-free 
— | homogenate of the kidney cortex (Table VI). Diffusibility of non-polar 
' compounds through the cell barriers appears not to be the only factor in- 
Be volved. Apparently, glycerol monoacetate provides a 2-carbon fragment 
which is either more active than sodium acetate or is more readily available 
at the site of acetylation. 


TasBie VI 


Influence of Glycerol Monoacetate and Sodium Acetate on Glycocyamine Formation in 
a Rat Kidney Cortex Homogenate 


























Glycocyamine 
Glycerol monoacetate Sodium acetate Formed Change 
—— Series A Series B Series A Series B 
se a Mu i, u mg. per gm.* | mg. per gm.* per cent per cent 
0.014 0.017 

0.002 0.020 0.029 +47 +65 

0.004 0.022 0.035 +61 +102 

0.002 0.019 0.025 +40 +45 

0.004 0.019 0.025 +40 +45 








* Calculated as wet weight of tissue. 


SUMMARY 


Glycerol monoacetate is more effective than sodium acetate in providing 
acetyl groups for the synthesis of creatine in the intact dog and in kidney 





tionin | cortex slices and homogenates of the rat. Glycerol is ineffective in this 
___— | respect in dogs. ; ; 
Guanidine depresses the methylating activity of the liver (as evidenced 

~~ | by creatine synthesis) to a greater extent than it does the acetylating 
activity of the kidney cortex of the rat. The effect of guanidine adminis- 

isB tration in the dog may be based on the type of activity of guanidine on 

cent the rat kidney cortex and liver in vitro. 
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ACETOACETATE FORMATION IN LIVER 
I. FROM PALMITIC ACID-1-C*, 5-C¥%, AND 11-C'4* 


By I. L. CHAIKOFF, D. 8S. GOLDMAN, G. W. BROWN, Jr., W. G. 
02 DAUBEN, anp MILDRED GEE 


(From the Division of Physiology of the School of Medicine, and the Department of 
Chemistry, University of California, Berkeley, California) 


(Received for publication, November 7, 1950) 


In 1944, Weinhouse e¢ al. (1) reported that the incubation of carboxyl- 
labeled octanoate with rat liver slices yielded acetoacetate in which the 
carboxyl and carbonyl carbons were equally labeled. Random condensa- 
tion of 2-carbon units resulting from 8 oxidation was therefore offered by 
these workers as a possible mechanism for the formation of acetoacetic 
acid from octanoate. The conversion of various carbons of octanoate to 
acetoacetate was also studied by Buchanan et al. (2), Crandall and Gurin 
(3), and Geyer et al. (4). Although the observations of these three groups 
of investigators still support the theory of 8 oxidation, the simple concept 
proposed by Weinhouse e¢ al. does not completely explain their findings on 
the distribution of the isotope in the acetoacetate. 

Because of technical difficulties, nearly all of the previous investigations 
on acetoacetate formation have dealt with short chain fatty acids! rather 
than with the naturally occurring, long chain acids. Some of the diffi- 
culties involved in the use of long chain fatty acids have been pointed 
out by Kennedy and Lehninger (6). Chain length did not exceed eight 
carbons in most of the earlier investigations. In the present investiga- 
tion, we have studied the conversion, by liver slices, of various carbons of 
palmitic acid to acetoacetic acid. The carbons dealt with are the carboxyl, 
the 5th, and the 11th. The difficulties of bringing palmitic acid into con- 
tact with enzyme systems within the liver were overcome by intravenous 
injection of the labeled fat just before the rat was sacrificed. 


EXPERIMENTAL 


Preparation of Radioactive Tripalmitin—The syntheses of palmitic acid- 
1-C“ and palmitic acid-11-C™ have been described elsewhere (7,8). Pal- 
mitic acid-5-C™ was prepared by a method analogous to that used for 


* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 
' Weinhouse has recently studied the conversion of the carboxyl carbon of pal- 
mitic acid to acetoacetate (5). 
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the synthesis of palmitic acid-6-C“% (7). The preparation of the tri- 
glycerides of these singly labeled palmitic acids has also been noted (8). 

Procedures in Vitro—Female rats of the Long-Evans strain, weighing 
from 190 to 225 gm., were used throughout. They had been maintained 
on Purina laboratory chow, and before the injection were fasted for 20 
hours. Each rat was anesthetized lightly with ether and injected intra- 
venously via the foot vein with 1 cc. of an emulsion containing 2 per cent 
olive oil, 2 per cent tripalmitin, 1 per cent glyceryl monostearate, and 95 
per cent distilled water. The preparation of this emulsion has been pre- 
viously described (8). 5 minutes after the completion of the injection, 
by which time the rat had recovered from the anesthesia, the rat was 
sacrificed by a blow on the head. The liver was rapidly excised and placed 
in an iced, oxygenated Krebs-phosphate buffer of the following composi- 
tion: NaCl, 0.129 m; KCI, 0.00515 m; CaCh, 0.00139 m; KH2PO,, 0.00129 
m; MgSO,, 0.00129 m; and Na,HPO,, 0.0100 m. The pH of this buffer 
was adjusted to 7.3 to 7.4 with 1 n HCl. 

The liver was sliced free-hand with a thin razor blade and the slices were 
collected in a Petri dish containing the phosphate buffer which had been 
oxygenated and which was kept at 3-4°. Slices were removed at ran- 
dom from this pool, blotted on filter paper, and quickly weighed. 2 to 
2.5 gm. of slices were transferred to a 250 cc. incubation flask containing 
25 cc. of the oxygenated phosphate buffer. The design of this flask is 
similar to that described by Chernick et al. (9). The atmosphere above 
the solution was replaced with O, immediately after the slices were added 
to the flask. The flasks were then shaken gently for 3 hours in a constant 
temperature bath maintained at 37°. Filter paper saturated with 30 per 
cent KOH in the center well served to collect continuously the CO, evolved 
during the course of the incubation. At the end of the incubation period 
the reaction was stopped by the addition of 1.25 cc. of 5 N H.SO, from the 
side arm. Shaking was continued for another 10 to 20 minutes at 37° 
to collect all remaining CO». 

The livers of three rats, as a rule, were used in each experiment (Tables 
II and III). Each liver was treated separately. Enough slices were 
obtained from a single liver to charge two incubation flasks. In addition, 
a separate sample of slices, about 500 mg., was also obtained from each 
liver for the determination of the lipide-C™ content at the start of the 
incubation; these slices were blotted, weighed, and then dropped into 3 
cc. of 95 per cent ethyl alcohol. Lipide-C™ of this sample was determined 
as described below. 

Determination of C™ in Respired CO.—At the end of the experiment, 
the several incubation flasks were opened and all filter paper rolls were 
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removed and placed in a single volumetric flask. The center well of each 
incubation flask was washed several times with water; these washes were 
added to the volumetric flask. The solution of KxC“O; was made to 
volume. ‘To aliquots of this solution was added 1 cc. of a Na,CO; solu- 
tion (20 mg. per cc.) to serve as carrier. The CO;7 was precipitated with 
BaCl, and the BaCO; was analyzed for C“ by the method of Entenman 
et al. (10). 

Extraction of Acetoacetate—The acidified buffer and tissue slices from 
the several incubation flasks (six as a rule) were combined. The mix- 
ture was warmed to about 40°, and the supernatant was decanted into a 
flask. The residual tissue was washed twice with warm, distilled water 
and the washes were added to the supernatant solution (tissue Extract 
A). 

The residual tissue was divided into two approximately equal portions 
for ease in handling. The tissue was hydrolyzed in alcoholic KOH? for 
3 hours at 100°. The hydrolysate was acidified with H,SO, and extracted 
continuously for 48 hours with petroleum ether. The lipide-C“ content 
of the petroleum ether extract was determined by the direct mount method 
described by Entenman et al. (10). 

Sodium acetoacetate, prepared by the method of Ljunggren (11), was 
added to tissue Extract A as carrier. This mixture was then deprotein- 
ated by the addition of 1 cc. of 25 per cent CuSO, for each 25 cc. of mix- 
ture; enough solid Ca(OH). was added to bring the pH to about 8. The 
precipitate was centrifuged down and the supernatant was decanted 
through filter paper. The precipitate was stirred and washed with a 
small amount of distilled water and the resulting mixture was centrifuged. 
The combined supernatants were made to a convenient volume, generally 
about 400 ce. containing from 200 to 400 mg. of acetoacetate, and stored 
in a refrigerator. 

Distribution of C in Acetoacetate; Carboxyl Carbon—All analyses were 
made in triplicate. Aliquots of the copper-lime supernatant were acidi- 
fied and refluxed in the presence of mercuric sulfate as described by Van 
Slyke (12). The CO, resulting from this thermal decarboxylation of the 
acetoacetic acid was swept out of the reaction flask with CO,-free air and 
collected in CO,-free 1 N NaOH. The CO: was precipitated as BaCOs, 
mounted on filter paper as described by Entenman ef al. (10), and the 
C determined by means of a thin window, Geiger-Miiller counter. The 
counting time for C* analyses was sufficient to reduce the counting error 
to less than 5 per cent. 


* The KOH solution contained 90 gm. of KOH per 100 cc. of solution. 2 cc. of 
this solution and 3 cc. of ethyl alcohol were used for each gm. of original tissue. 
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Other Carbons—The acetone-mercury complex formed during the de- 
carboxylation of the acetoacetic acid was collected on a sintered glass 
filter (medium porosity) and weighed; total acetoacetic acid was calcu- 
lated from the weight of the precipitate. 

The acetone, containing the a-, 8-, and y-carbons of the acetoacetic 
acid, was regenerated by dissolving the mercury complex in 3 n HCl. 
Several samples of acetone so obtained were steam-distilled and purified 
by their reprecipitation as the mercury complex. These precipitates were 
converted to CO, by wet combustion (13). The BaCO; so formed was 
mounted and analyzed for C by the methods previously described (10). 
The specific activity (s.a.) of this carbon is the average of the s.a. of the 
three acetone carbons. 

Other acetone samples were steam-distilled into alkaline hypoiodite. 
The resulting CHI; was recrystallized from 45 per cent ethyl alcohol, 
dried, and converted to CO, by wet combustion. Since the methyl and 
methylene carbons of acetoacetic acid contribute equally to the iodoform 
carbon, the s.a. of the latter is the average s.a. of the methyl and me- 
thylene carbons. 

The s.a. of the carbonyl carbon of the acetoacetic acid was determined 
as the difference between the values for the s.a. of the acetone carbons 
and the s.a. of the iodoform carbon. 

Preliminary Experiments on Distribution of Injected Fat in Liver—Pre- 
liminary experiments were carried out to determine the uniformity of 
distribution of the labeled fatty acid in the liver after the intravenous 
injection of emulsified carboxyl-labeled tripalmitin. Two rats were sac- 
rificed at exactly 5 minutes, and two rats at 10 minutes after the injec- 
tion. The livers were rapidly excised. Two samples were removed from 
each of the three major lobes, weighed, and dropped into 5 ce. of alcoholic 
KOH. The tissue was hydrolyzed for 3 hours at 100°, the solution acidi- 
fied with 5 N H,SO,, and the fatty acids extracted with petroleum ether. 
Aliquots of the petroleum ether extracts were analyzed for fatty acid-C™ 
by the direct mount method of Entenman et al. (10) and for total fatty 
acids by a modification of the oxidative method of Okey (14). The 
results of these experiments are shown in Table I. In 5 minutes a total 
of 30 to 40 per cent of the injected C was found in the whole liver. The 
concentrations of fatty acid-C' found in the two samples prepared from 
each lobe did not, in most cases, differ greatly. The differences among 
the samples obtained from a single lobe did not exceed 10 per cent. This 
relatively even distribution of the labeled fatty acid in each lobe shows 
that it is possible to obtain samples containing the same amount of lipide- 
C™ per gm. of wet weight by random selection from a pool of slices pre- 
pared from the entire liver. 
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e- Results 
‘ Complete Oxidation of Labeled Tripalmitin 
Data on the fate of the injected, labeled tripalmitins are recorded in 
tic Table II. Two oxidation products, CO. and acetoacetate, were studied. 
: 
ad TaBLeE I 
F Distribution of Fatty Acid-C'4 in Various Lobes of Rat Liver 5 and 10 Minutes after 
Te Injection of Emulsified Tripalmitin-1-C™ 
Tas a | 
| Li 1 
0). Female rats, body | Time after | ae Fatty acid-C™ Specific 
weight injection | | | per gm. liver , activity® of 
he . sacrificed | Babe | Weight | uae oes | liver fatty acids 
m ‘tie. | | me. | er come | 
ol, \, 255 gm. 5 Right | 1275 | 4.85 12,800 , 264 
nd Dee | 1340 | 4.99 13,600 | 274 
rm | Center | 1092 4.76 14,500 | 305 
| ” | 924 | 5.15 15,300 | 299 
ae | Left | 1308 | 4.96 | 15,600 | 317 
es | 960 5.07 15,500 304 
ned B, 250 gm. 5 Right | 1203 | 4.79 9,960 | 208 
ons «“ 1209 | 4.63 11,400 | 246 
Center | 1033 4.65 11,600 | 250 
. « | 1155 | 4.84 12,500 | 259 
aie Left 789 | 4.94 13,600 217 
- of «“ 1134 | 4.98 | 13,400 | 269 
us C, 270 gm. 10 Right | 1101 5.11 17,400 | 340 
sac- * 1014 | 5.26 18,600 | 353 
jec- Center 927 5.22 18,000 | 346 
| 1149 5.11 19,100 374 
— | | Left 960 | 5.48 | 16,700 304 
iolic }  o« | 4931 20, 200 
cidi- D, 255 gm. 10 | Right | 1260 | 5.31 19,400 366 
her. ) * | 749 | 5.91 20,400 346 
1-4 | Center | 933 5.57 17,500 314 
att re 969 5.64 19,100 339 
— | | Left | 1104 | 5.45 | 21,000 387 
The | | “| 1176 | 5.67 | 21,000 370 
total : 
The *C.p.m. per mg. of fatty acid. 
from The total conversion of fatty acid-C“ to these two oxidation products is 
nong shown in the last two columns, and in all but Experiment 1 amounted to 
This 8 to 13 per cent of the incubated fatty acid-C“. The recoveries of the 
hows Ist, 5th, and 11th carbons as CO, plus acetoacetate were about equal. 
pide- For each of these carbons the percentages of the C"“ incorporated into 
} acetoacetate were about the same as those recovered as CO:. This is in 
agreement with the observation of Weinhouse et al. (5). 
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It is of interest to note the actual amounts of the injected tripalmitin 
that were oxidized in the system used here. In Experiment 4, 13.4 per 
cent of the palmitic acid-C™ initially present in the slices was recovered 
as CO, plus acetoacetic acid; this represents the oxidation of more than 
1 mg. of tripalmitin.2? This is in contrast to previous in vitro methods in 
which much smaller quantities of fat present were metabolized. 


TaBLe II 
Recovery of Injected Emulsified Tripalmitins As CO2 and Acetoacetate in Rat Liver 
Slices 
The emulsions contained several constituents, olive oil, glyceryl monostearate, 
and tripalmitin in which the palmitic acid was labeled at either the carboxyl, the 
5th, or the 11th carbon atom. 




















Injected tripalmitin eet e 
reper | Amount | Pent im ales | ce aa SPS ae 
Labeled compound ment —, 

- used* Total Aceto- | CO: + 
Cu fatty | COs acetic aceto- 
acids acid acetate 

etal mg c.p.m 
Tripalmitin-1-C™..... | 9.6 5.2 |6.2 X 105 90.0 | 3.1 ep 4.8 
: ne ote 2 9.5 | 5.9|7.1 X 105 79.8) 4.0] 4.5 8.5 
ij ee ee 3 14.2 | 7.9 19.5 X 105 94.8) 4.1] 4.4 8.5 
Tripalmitin-5-C™..... 4 7.9 | 8.3 |3.5 X 105 85.7 | 6.4] 7.0 13.4 
+ ne ot. 5 8.9 8.1 | 3.8 & 105 79.5 | 5.4 7.3 12.7 
re 6 8.9 | 8.8|2.3 X 105 80.0] 3.8 | 4.6 8.4 
Tripalmitin-11-C™.... 7 4.1 3.1 | 4.2 X 105 79.8 | 5.5 5.5 11.0 
si akon 8 4.1 3.5 | 4.8 X 105 88.0 | 4.5 6.0 10.5 
ahs ee 9 4.9 3.6 | 4.9 X 105 73.6 | 4.3 5.0 9.3 























* The amounts recorded were obtained from one to three rats. 


Incorporation of Carboxyl, 5th, and 11th Carbons of Palmitic Acid into 
Various Carbons of Acetoacetic Acid 


Table III shows the results of ten experiments in which the incorpora- 
tion of the carboxyl, the 5th, and the 11th carbons of palmitic acid into 
acetoacetic acid was studied. The conditions of these experiments were 
kept rigidly constant. The values for specific activities of the four 
carbons are shown in the third to the sixth columns. The ratios of the s.a. 
of the four carbons are recorded in the last column; the s.a. of the carboxyl 
carbon of the recovered acetoacetic acid was assigned a value of 100 and 
the specific activities of its other carbons are expressed in relation to this 
value. 

Palmitic Acid-1-C4—The C™ from the carboxyl carbon of palmitic 


3 See Table II, foot-note. 
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tin acid was located solely on the carboxyl and carbonyl carbons of the ace- 
per toacetic acid isolated. The average s.a. ratio, C*O:C*OOH, in these 
red three experiments was 1.04,‘ showing an equal incorporation of the car- 
1an boxy! carbon into these two positions. This is in agreement with the 
3in | data of Weinhouse et al. for rat liver slices with octanoate (1, 5) and pal- 


. mitate (5) as substrates. The data do not agree with those of Buchanan 
et al. for octanoate (2). 


Palmitic Acid-5-C“—The 5th carbon of palmitic acid was recovered in 
only two of the carbons of acetoacetate, the carboxyl and carbonyl, but 


‘ate, TaB_eE III 


ERR 


fiver 



































the Incorporation of Carboxyl, 5th, and 11th Carbons of Palmitic Acid into Acetoacetate 
by Rat Liver Slices 
+“ Specific activity* of acetoacetate carbons poe Rare am 
= Labeled compound eat 
0. oO oO 

> CH— I —CH:— | —COOH | om 
owt —C— CH:: C: CH:: COOH 

Tripalmitin-1-C™. ... 1 24 5400 24 5100 | 0.4:103:0.4:100T 

I 
ee 2 16 5400 16 5250 | 0.3:103:0.3:100 
4.8 ee rear 3 i 655 7 610 | 1:107:1:100 
a Tripalmitin-5-C™....| 4 11 690 | 11 560 | 2:123:2:100t 
8.5 «“ 5 13 784 | 13 587 | 2:133:2:100 
3.4 “ ad 6 7 358 7 312 | 2:115:2:100 
a Tripalmitin-11-C™...] 7 26 | 1020 | 26 790 | 3:129:3:100t 
- « 8 12 745 | 20 620 | 2:120:3:100 
| f “ 9 50 | 1500 | 50 | 1090 | 4:138:4:100 
nf: “ 10 35 | 1200 | 35 935 | 4:128:4:100 
a *C.p.m. per mg. of carbon. 
| Specific activity of the carboxyl carbon represented as 100. 

nto the distribution of C“ in those two positions was unequal. The average 

sa. ratio of C*O:C*OOH was 1.23. 
pora- Palmitic Acid-11-C'*—The incorporation of the 11th carbon of palmitic 


1 into | 2cid followed closely the pattern observed for the 5th carbon. The aver- 
were — age s.a. ratio of C*O:C*OOH was 1.29. Thus, the sixth 2-carbon unit 
- four of palmitic acid (11th and 12th carbons), like the third 2-carbon unit, 


no ike shows a greater tendency to be incorporated into the carbonyl portion 
boxyl than into the carboxyl portion of the acetoacetate molecule. 

0 and DISCUSSION 

(0 this 


Various types of tissue preparations have been employed in the study 


Jmitie of acetoacetic acid formation from fatty acids: mitochondria (6, 16), 


‘ Decarboxylation of acetoacetic acid by aniline citrate (15) gave identical values 
for the specific activity of the carboxyl carbon. 
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homogenates (2, 3), and intact slices (1, 2). In all previous investiga- 
tions, the fatty acids were added to the medium in low concentrations as 
either the Na salts or as a stabilized emulsion of triglycerides (4). In 
the present investigation, the fatty acid was not added to the medium; 
instead, it was brought into contact with the enzyme systems within the 
liver slice by injecting intravenously its emulsified triglyceride a few 
minutes before the animal was sacrificed. Since the fatty acid was al- 
ready at the site of reaction when the slices were prepared, the difficulties 
inherent in the penetration of a naturally occurring, slightly soluble fatty 
acid into the slice were overcome. The efficacy of this procedure for 
studying fatty acid oxidation is revealed by the finding that, when 8 mg, 
of tripalmitin had been incubated within 8 gm. of liver slices for 3 hours, 
as much as 13.4 per cent of the tripalmitin was oxidized to CO, and aceto- 
acetic acid. 

In the present investigation, the conversion of three different carbons 
of palmitic acid to acetoacetic acid was studied. Regardless of whether 
the Ist, the 5th, or the 11th carbon was labeled, the acetoacetic acid 
isolated contained C™ in only two of its four carbons. When the car- 
boxyl carbon of palmitic acid was labeled, the isotope appeared in the 
carboxyl and carbonyl carbons of the acetoacetate. The same isotopic 
distribution in the acetoacetic acid was observed with palmitic acid-5-C" 
and palmitic acid-11-C". 

An alternate distribution of C™ in the carbons of acetoacetic acid could 
have resulted only from breakdown of the 16-carbon fatty acid chain into 
2-carbon units. Our findings thus again lend support to the view that 
the oxidation of long chain fatty acids involves, in some manner, progres- 
sive cleavage of the chain into 2-carbon units. In this respect our find- 
ings with palmitic acid confirm those reported earlier for short chain 
fatty acids in liver slices (1, 2) and homogenates (3, 17). 

The palmitic acids used in this study were labeled with C" so that 
8 oxidation would yield 2-carbon units from three different locations along 
the palmitic acid chain, each singly labeled with C. These units are 
referred to here as the a fragment containing the carboxyl and a-carbons, 
the y fragment containing the 5th and 6th carbons, and the ¢ fragment 
containing the 10th and 11th carbons. The fate of each of these frag- 
ments is discussed below. 

a Fragment—Since the ratio of C™ in the carboxyl and carbonyl car- 
bons of the acetoacetic acid molecule was unity when the a fragment was 
labeled, it is clear that acetoacetic acid formation from this fragment can 
be completely accounted for by a process such as random recondensation 
of a fragments. The distribution of the isotope in the acetoacetate when 
palmitic acid-1-C™ was used (Table III) is similar to that found by Wein- 
house et al. for the carboxyl carbon of both octanoic acid (1) and palmitic 
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sa, acid (5) but differs from that reported for carboxyl-labeled octanoic acid 
as by other workers (2, 3). These others found a ratio of 0.7 for C*O:C*- 
In OOH in acetoacetate when carboxyl-labeled octanoic acid was used. On 
m; the basis of this ratio, Crandall, Brady, and Gurin (18) concluded that 
the | the carboxyl fragment shows a somewhat greater tendency to act as 
ew | acetyl acceptor rather than as an acetylating agent in the formation of 
al- acetoacetic acid. 

ties § Geyer et al. (4) have recently studied the incorporation of the carboxyl 
tty carbons of fatty acids of increasing chain length, from pentanoic to lauric, 
for into acetoacetic acid. The ratio of C*O:C*OOH in the isolated aceto- 
mg. acetic acid increased with chain length from a value of 0.3 for pentanoic 
urs, to 0.96 for laurie acid. Their ratio for octanoate-1-C“ was also 0.74, a 
eto- value in agreement with that previously reported by Buchanan et al. (2) 

and Crandall and Gurin (3). 

ONS y and ¢ Fragments—It is clear from the ratio of C*O:C*OOH observed 
ther in the experiments with palmitic acid-5-C™, namely 1.23, that the y frag- 
acid ment (5th and 6th carbons of palmitic acid) is not equally incorporated 
car- into both halves of the acetoacetic acid molecule. The similar ratio found 


the for palmitic acid-11-C™ shows that the ¢ fragment also contributes pref- 
opie erentially to the carbonyl half of the acetoacetic acid molecule. 

)-C¥ Although recondensation of the y and § fragments must have occurred to 
yield the alternately labeled acetoacetic acid from the singly labeled palmitic 


ould acids, random recondensation per se fails to account fully for the asymmetric 
into — isotope distribution. 


that The results presented here leave no doubt that the a fragment differs 
gres- | metabolically from 2-carbon units derived from the body of the palmitic 
find- — acid chain. A similar phenomenon was observed for the carboxyl, the 


chain § 8-, and the ¢-carbons of octanoate by Crandall and Gurin (3) and Cran- 
dall ef al. (18). These observations, together with their more recent 
that | findings on the oxidation of octanoic and palmitic acid by rat liver mi- 
along } tochondria, led Kennedy and Lehninger (6) to state, as a tentative ex- 
is are | planation, “‘that all the 2-carbon units of the fatty acid chain (except the 
rbons, f terminal 2-carbon fragment derived from the methyl end) are equal in 
gment — reactivity, independent of chain length.” A different explanation for the 
frag- § difference in metabolic behavior between the a fragment and the frag- 


ments derived from the body of the palmitic acid molecule is offered be- 
1 car- § low. 


it, was As pointed out above, no mechanism of fatty acid oxidation hitherto 


nt cal — reported can explain completely the isotope distribution in the acetoacetic 
sation | acid derived from the variously labeled palmitic acids. A mechanism that 


» when | does offer a reasonable explanation for our findings is presented below 
Wein- § and is shown schematically in Fig. 1. 
almitic (1) The first step involves the oxidation of the 6-carbon of fatty acid 
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molecules of C, chainlength. (2) The molecule is then cleaved between the 
a- and -carbons, yielding a C,-2 residue and a 2-carbon unit that im- 
mediately enters the 2-carbon metabolic pool of the liver. (3) Random 
condensation of 2-carbon units from this pool gives rise to acetoacetate, 
This is the primary process by which acetoacetate is formed in the liver, 
(4) The 5th carbon of the original C, chain, now the 8-carbon of the C,_, 


residue, is next oxidized. The subsequent fate of these 6-oxidized mole. | 


cules is then the resultant of two separate processes of Fig. 1 (A and B) 


proceeding simultaneously. In A some B-oxidized Cn» fatty acid mole | 
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Fria. 1. Schematic representation of fatty acid oxidation and ketone body for- 
mation. 


cules are cleaved between their a- and B-carbons (carbons 4 and 5 of the 
original C, molecule), yielding C,_, residues and 2-carbon fragments 
which enter the same 2-carbon metabolic pool referred to in step (2); 
in B, 2-carbon units from the liver pool become oriented with other B-oxi- 
dized Cy_2 residues in such a way that, when a-8 cleavage of the C,+ 
residue occurs, simultaneous condensation with the oriented 2-carbon unit 
takes place. Such a process would give rise to an acetoacetate predomi- 
nantly labeled in the carboxyl fragment and next lower residues (C,-1) 
identical with those derived from process A. 

According to this concept, the formation of acetoacetate is accounted 
for by two separate mechanisms: (a) random condensation of members of 
the 2-carbon pool and (b) non-random condensation of a B-oxidized fatty 
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acid residue with a randomized member of the liver 2-carbon metabolic 
pool occurring at the same time that the residue is cleaved between its 
a- and 6-carbons. Since C*O:C*OOH s.a. ratios are close to unity, the 
former is undoubtedly the main route for acetoacetate formation.® 

This concept thus appears to give a more reasonable explanation for the 
unequal distribution of C in ketone bodies. The difference observed in 
metabolic behavior between the carboxyl fragment and other 2-carbon 
units derived from the body of the fatty acid chain is merely a manifesta- 
tion of the relative kinetics of two competing processes. The a fragment 
is instantaneously randomized with the 2-carbon pool, whereas other 
fragments are available not only for such randomization but also for 
oriented condensation.® 

It is recognized that the terminal four carbons of a fatty acid may pre- 
sent a unique case, and hence in this discussion we have not considered 
this portion of the fatty acid molecule. 


We are grateful to Dr. H. L. Bradlow for many valuable suggestions in 
the preparation of this manuscript. 


SUMMARY 


1. Slices were prepared from the livers of fasted rats that had been 
injected intravenously, a few minutes earlier, with an emulsion containing 
tripalmitin in which either the carboxyl, the 5th, or the 11th carbon had 


+ been labeled with C™. 


2. In 3 hours, as much as 13 per cent of the injected fatty acid-C™ 
was oxidized to COz and acetoacetic acid. The carboxyl, 5th, and 11th 
carbons of palmitic acid were incorporated about equally into CO, and 
acetoacetic acid. 

3. The acetoacetic acid was degraded and the C™ content of each of its 
carbons was determined. Regardless of whether the Ist, 5th, or 11th 
carbon of palmitic acid was labeled, C' was recovered in only the carboxyl 
and carbonyl! carbons of acetoacetate. 

4. The specific activity ratio for C*O:C*OOH in the isolated acetoace- 
tic acid was 1.04 in the experiments with tripalmitin-1-C", 1.23 in those 
with tripalmitin-5-C™, and 1.29 for tripalmitin-11-C™. 

5. A mechanism for fatty acid oxidation and ketone body formation by 
the liver consistent with our findings is presented. 


‘It may be calculated from our data that random condensation of 2-carbon 
units from the liver pool accounts for the formation of about 80 per cent of the re- 
covered acetoacetate. 

‘The possibility that an oriented condensation also takes place at the carboxyl 
end of the fatty acid along with the 2-carbon splitting process is not ruled out. 
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OXYTHIAMINE TRIPHOSPHORIC ACID, AN EFFECTIVE 


aT INHIBITOR OF THE CARBOXYLASE SYSTEM 
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Oxythiamine (I) exhibits antivitamin B, properties in vivo, which have 
| been described by Daniel and Norris (1), Soodak and Cerecedo (2), and 
Frohman and Day (3). The purpose of the present study was to de- 
' termine whether the thiamine-oxythiamine antagonism appears in vitro 
between the corresponding phosphates; 7.e., between thiamine pyrophos- 
. Soc. | phate (cocarboxylase) (III) or thiamine triphosphate (TTP) (IV) and 
oxythiamine triphosphate (II). Therefore this work was devoted to the 
study of the cocarboxylase activity of synthetic enzyme systems obtained 
by addition of thiamine pyrophosphate or triphosphate to washed yeast, 
in the presence and absence of oxythiamine triphosphate. We have re- 
cently described the preparation and properties of the triphosphates, 
II and IV (4-7). 


n, Gs 


on ene aa 


9). a, CH; 
il tT 
Jee ie 
H;C OH CH.—CH:—R 
(I) R = OH 
OH r , 
| 
(Hi) R = 0-—-2—0—-F—0—2—0- 
| | | 
O 
CHz CH; 
\/ nae 
H.:—CH:—R 
OH OH OH OH OH 


| | | 
(III) R = O—P—O—P—OH (IV) R = O—P—O—P—0—P—0- 
| | | | | 
0 oO a 


241 











242 INHIBITOR OF CARBOXYLASE 


EXPERIMENTAL 


The yeast was washed according to the procedure described in previous 
papers (4, 8). The sedimented yeast was then suspended in 0.02 M man. 
ganese chloride solution, 1 cc. of this solution being equivalent to 0.20 
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Fig. 1. COz produced as a function of the time for 0.2 gm. of initial dry yeast 
saturated with TTP (40 y per cc. of suspension). Oxythiamine triphosphate added, 
0 y (Curve 1), 25 y (Curve 2), 50 y (Curve 3), 100 y (Curve 4), 250 y (Curve 5) per ce. 
of suspension. 

Fia. 2. COz produced as a function of the time for 0.2 gm. of initial dry yeast 
saturated with cocarboxylase (5 y per cc. of suspension). Oxythiamine triphosphate 
added as in legend to Fig. 1. 


gm. of initial dry yeast. A very small amount of thiamine (20 y per cc.) 
was added to the suspension in order to inhibit the phosphatases present. 

A determination was made of the minimum amount of TTP or co 
carboxylase required to restore the maximum decarboxylating power of 
the washed yeast towards sodium pyruvate. Accordingly, the yeast sus- 
pension was divided into samples of equal volume, to which increasing 
amounts of cocarboxylase substance were added. The mixtures, buffered 
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at pH 6.8,! were first incubated during 15 minutes at 28° with continuous 

— stirring; then they were centrifuged, the supernatant liquid was discarded, 

an. | and finally the yeast residue was incubated again at 28° in the presence 

0.20 | of sodium pyruvate at pH 5.7 (4 mg. per ec.). This last step of the ex- 
\ periment was carried out in manometric Warburg vessels to measure 
| the CO, evolved after 15, 30, and 60 minutes. In our experiments, satura- 

} | tion was obtained with 3 + of cocarboxylase or 30 y of TTP per 0.20 gm. 
of dry yeast (1 ce. of suspension). 


Tas.e I 
Inhibition of Carborylase by Oxythiamine Triphosphate 



































Acetaldehyde formed by 0.20 gm. washed yeast plus 
25 y TTP 5 y cocarboxylase 
prenenen formed Difference Amount formed Difference 
PP me | by bY ber cent v per cent 
Oxythiamine 0 660 Control 1054 Control 
pe triphosphate 10 434 —34 849 —19 
25 255 —61.3 649 —38 
50 174 —74 504 —52 
100 98 —85 310 —70 
250 27 —96 148 —86 
AG Free oxythia- 0 681 Control 926 Control 
mine 7 681 0 901 —3 
18 666 —2 891 —4 
36 651 —4 896 —3 
a 72 681 0 926 0 
60 180 681 0 | 986 +6 
Results 
y yeast 
added, With Oxythiamine Triphosphate—Equal volumes of yeast suspension, 


perce. — prepared as described above, were mixed with equal amounts of TTP in 
wen concentration slightly higher than the saturating amount, 7.e. 40 y per 
fer cc. of suspension, but, prior to the addition of TTP, oxythiamine tri- 
phosphate in amounts of 0, 25, 50, 100, and 250 y per cc. of suspension 
was added. When the mixtures were subjected to the above incubations, 


per CC.) F the CO» evolved was determined manometrically after 15 to 30 and 60 
resent: F minutes by the Warburg procedure. In the presence of oxythiamine tri- 
or C0 


phosphate, a very marked drop of activity of the restored enzymatic 
wer of complex is noted (Fig. 1). The decrease of the amount of CO, evolved 
ast sus in an hour reaches 90.8 per cent with 250 y of oxythiamine triphosphate. 
Teasing 
suffered ' Composition of the buffer, PO,KH:2 6.80 gm., n NaOH 28.65 cc., and sufficient 
: H,0 to make 1000 cc. 
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The same experiment was carried out by replacing TTP with an equi- ! 
valent amount of thiamine pyrophosphate (cocarboxylase); 7.e., 5 y per | 
0.20 gm. of dry yeast. The results obtained were nearly the same (Fig. 2), | 

With Oxythiamine Hydrochloride—In other experiments, oxythiamine hy- — 
drochloride was substituted for oxythiamine triphosphate at equivalent | 
molar concentrations; 7.e., 18, 36, 72, and 180 y per ce. Oxythiamine ex- 
hibited no inhibiting effect on cocarboxylase or on TTP. 

Inhibition of Acetaldehyde Formation—In a series of experiments, the | 
determination of acetaldehyde formed during the first 15 minutes of de- 
carboxylation was substituted for the measurement of CO, evolved. The 
fluorometric procedure is described elsewhere (8, 9). The experiments 
were carried out with 5 y of cocarboxylase and 25 y of TTP per ce. of 
yeast suspension. The values obtained agree with the results by the man- 





ometric procedure (Table I) in showing the inhibiting effect of oxythiamine 
triphosphate. 

It will be noted that if cocarboxylase or TTP was added to the medium | 
before the inhibitor, i.e. before oxythiamine triphosphate, the inhibiting | 
power of the latter was less marked. Control experiments showed that 
addition of oxythiamine triphosphate alone to the washed yeast in amounts 
of 2.5 to 20 y per 0.20 gm. of yeast (dry weight) could not restore the co- 
carboxylase activity. 


SUMMARY 


1. Oxythiamine triphosphate inhibits strongly the formation of C0: 
by the carboxylase system either from washed yeast, thiamine pyrophos- 
phate, and manganese or from washed yeast, thiamine triphosphate, and 
manganese. 

2. Free oxythiamine does not produce a similar inhibition. 

3. The results obtained for the formation of CO. by the Warburg mano- 
metric procedure agree with those found by fluorometric titration of the 
acetaldehyde formed. 
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THE TYROSINE OXIDATION SYSTEM OF LIVER 
I. EXTRACTS OF RAT LIVER ACETONE POWDER* 


By BERT N. La DU, Jr.,f anp DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, December 4, 1950) 


Many investigators of tyrosine oxidation have used systems in vitro such 
as slices, minces, and, more recently, homogenates of liver. During our 
search for a suitable preparation other than liver slices for studying the 
conversion of phenylalanine to tyrosine, an extract of rat liver acetone 
powder was tested. Although the phenylalanine to tyrosine conversion 
was not demonstrated, it was found that the oxidation of tyrosine was 
catalyzed by the powder extract. This paper will report on the conditions 
which were found necessary to study tyrosine oxidation by this system. 

Very few papers in the literature deal with the use of acetone powder ex- 
tracts as a system for studying tyrosine oxidation. Lang and Westphal 
(1) reported that an enzyme which attacked L-phenylalanine and L-tyrosine 
was present in some acetone powder preparations of dog liver. Felix et al. 
(2) used an acetone powder of pig kidney in their study of tyrosine oxida- 
tion. Although Felix and Schaefer reported later (3) that the supernatant 
of centrifuged minced rat liver had very little action on either L-tyrosine or 
p-hydroxyphenylpyruvic acid, a fact which suggested that some of the 
enzymes involved are associated with the insoluble liver fraction, more re- 
cent work with homogenates (4, 5) indicates that the enzymes involved in 
tyrosine oxidation are soluble. Our results support this view. 

For the study of tyrosine oxidation, the acetone powder extract has sev- 
eral advantages over homogenates. The powder is very stable for at least 
several weeks even at room temperature, and the extract contains the en- 
zymes in a concentrated solution and therefore the reactions can be studied 
in the ordinary sized Warburg vessels with up to 10 um of tyrosine. The 
acetone treatment and extraction steps remove or inactivate many of the 
other enzyme systems. Asa result, the control flasks have a much lower 
oxygen uptake and the system is more specific for the oxidation of tyrosine. 
Lastly, the extract will serve as a convenient starting point for fractionation 

* Aided by research grants from the Life Insurance Medical Research Fund and 
the American Foundation for High Blood Pressure. 


} Present address, Research Service, Third (New York University) Medical Divi- 
sion, Goldwater Memorial Hospital, New York. 
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procedures to separate the complex enzyme system into its component 
units. 


Enzymatic and Analytical Methods 


Preparation of Acetone Powder—The livers were removed as quickly as 
possible after sacrificing the animals and were placed in a beaker of ice. 
After about 100 gm. had been obtained, this amount was worked up as 
described below. The remaining steps were carried out in a cold room at 
0-5°. The livers were placed in a Waring blendor with 50 ml. of distilled 
water (previously cooled to about 5°) and homogenized for 3 minutes. The 
homogenate was poured, with stirring, into a beaker containing 500 ml. of 
acetone, previously cooled by a surrounding acetone-dry ice mixture. The 
resulting slurry, after standing about 10 minutes, was then homogenized in 


a large glass homogenizer (Potter type) of 50 ml. capacity to form a fine \ 


suspension. The suspension was diluted with an equal volume of cold ace- 
tone and filtered with suction on a large Biichner funnel, with Whatman 
No. 1 filter paper. The cake was not allowed to dry completely but was 
removed just as it began to crack. After resuspending the cake in 500 ml. 
of cold acetone, it was filtered again. As the cake began to crack, about 30 


ml. of ether were poured over the powder and the filtration continued until | 


the powder was light colored and dry. The rate of drying was speeded by 
ruffling and turning the powder with a spatula. The powder was trans- 
ferred to a vacuum desiccator over sulfuric acid for several days and then 
stored either at room temperature or in the refrigerator. 

Some early preparations were made by freezing the liver immediately in 
liquid nitrogen, pulverizing the frozen tissue, and dehydrating with ace- 
tone. Since this method did not yield a more active material, it was dis- 
continued in favor of the simpler method above. 

Preparations were made from the livers of Sprague-Dawley, Long-Evans, 
and Slonaker (Wistar) rat strains. The highest activity was found in 
preparations from Long-Evans male rats; the activity of powders of the 


livers of males usually was from 2 to 10 times higher than of the females. F 


Preparations from Sprague-Dawley female rats had a particularly low ac- 


tivity. The reason for this sex difference is not clear and we plan to inves- | 


tigate it. 

Since a comparison between preparations from young and older male 
rats showed very little difference in activity, rats weighing about 300 gm. 
were used for most of the work. 


Manometric Assay 


Preparation of Powder Extract—A sample of the acetone powder was 
weighed and cooled to —23.3° in a deep freeze unit. The calculated vol- 
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ume of 0.2 m phosphate buffer, pH 8.05, required for the extraction was 
placed in an Erlenmeyer flask and cooled to about 5° just before use. 

After mixing, the extraction was carried out in the refrigerator for 10 
minutes with an occasional mixing by swirling. The mixture was centri- 
fuged at 2000 r.p.m. for 2 minutes and supernatant fluid was decanted 
through cheese-cloth into a large graduated centrifuge tube and cooled in a 
beaker of ice water until used. The extract was clear and a deep amber 
color. 

Constituents of Warburg Flasks—The main compartment contained 1.0 
ml. of 0.1 m sodium pyrophosphate buffer, pH 8.05, 0.5 ml. of boiled ex- 
tract of yeast or liver adjusted to approximately pH 8.0, and 2.0 ml. of the 
acetone powder extract. The side arm contained 0.5 ml. of a suspension of 
L-tyrosine in the 0.2 m phosphate buffer or buffer alone for the control 
flasks. ‘The center well held 0.2 ml. of 20 per cent potassium hydroxide to 
absorb carbon dioxide. 

The extract was added last and the flasks were gassed with 100 per cent 
oxygen for 3 minutes. Equilibration in the 37° bath was for 10 minutes 
and the substrate was tipped in 5 minutes later. Experiments were usually 
run from 2 to 3 hours. 

The L-tyrosine suspension was freshly prepared for each experiment. 

Boiled Extract Additions—In some of the first experiments with a 9 per 
cent extract (weight of powder X 10 = ml. of 0.2 m phosphate buffer used 
for extraction), very little net oxygen uptake was found with L-tyrosine as 
the substrate. The addition of a concentrated boiled yeast extract! in- 
creased the net oxygen uptake. Controls with boiled yeast extract and 
tyrosine without powder extract or with boiled powder extract showed the 
same oxygen uptake as the flasks without tyrosine. A concentrated liver 
homogenate dialysate or boiled liver extract was even more effective in 
stimulating tyrosine oxidation. 

In later experiments, a more concentrated extract (16 or 20 per cent) 
was used (weight of powder X 4 or’5 = ml. of 0.2 m phosphate buffer used 
for the extraction). Although the more concentrated extracts showed 
fairly high activity without any boiled extract being added, there was still 
a marked stimulation by its addition. Large amounts of boiled extract 
were made up and frozen to keep the addition of this component a constant 
factor throughout a series of experiments. We believe that the extract 
factors were still suboptimal in some of the éxperiments. 


Analytical Methods 


Tyrosine—Tyrosine was determined by the modified Millon method of 
Bernhart and Schneider (6) with a Klett photoelectric colorimeter. 


‘The yeast used to prepare the boiled extract was kindly supplied by the Con- 
sumer’s Yeast Company, Oakland, California. 
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Carbon Dioxide Production—Carbon dioxide was determined manomet- 
rically by the direct method, as described by Umbreit et al. (7). 0.2 ml. of 
4 m HCI was present in the second side arm and tipped in at the end of the 
experiment. Readings were continued until the liberation of bound car- 
bon dioxide was complete. 

Acetoacetic Acid and Oxalacetic Acid—The contents of the incubated 
flasks used to determine carbon dioxide production had a final concentra- 
tion of 0.2 m HCl. These were centrifuged and the clear supernatants 
assayed manometrically at 26° by the catalytic decarboxylation methods 
for acetoacetic and oxalacetic acids with aniline citrate and aluminum sul- 
fate (7). About 95 per cent of the theoretical carbon dioxide was obtained 
from 2.5 and 5.0 um of known acetoacetic acid. 

Ammonia Production—Since the flasks for determination of carbon di- 
oxide had acid in the side arm, any ammonia liberated during the incuba- 
tion was absorbed. The contents of these were centrifuged and aliquots 
of the supernatants used to determine ammonia. The ammonia was lib- 
erated by sodium metaborate and trapped in dilute HCl in Conway type 
diffusion chambers. It was then determined by nesslerization. 


EXPERIMENTAL 


Optimal pH—The pH of the incubation mixture was varied from 6.8 to 


9.0, with phosphate buffer from 6.8 to 7.8 and with tris buffer (trismethoxy- | 
methylamine hydrochloride) from 7.0 to 9.0. ‘These experiments indicated | 


that the optimal pH was between 7.8 and 8.0. A combination of phos- 
phate and pyrophosphate buffers used over a smaller range, 7.4 to 8.0, 
agreed with this conclusion. 

The addition of pyrophosphate increased the buffering capacity at the 


optimal zone. By extracting the powder with 0.2 m phosphate buffer at | 


pH 8.05 and adding 1.0 ml. of 0.1 m pyrophosphate buffer at pH 8.05 to the 
incubation mixture, the initial pH was adjusted to about 7.90. During a 
2 hour incubation, the pH decreased about 0.1 unit. 


The pyrophosphate addition also lowered the control oxygen uptake but | 


did not inhibit the oxidation of tyrosine in the concentration used, 0.025 m. 
Substrate Specificity—Several compounds were tested as substrates with 
the same experimental conditions as previously described for L-tyrosine. 


All compounds were neutralized to approximately pH 8 and were made up | 


in phosphate buffer with the exception of homogentisic acid lactone and 
3 ,4-dihydroxyphenylalanine, since they are rapidly autoxidized at this pH. 


The compounds showing a net oxygen uptake over the control flasks are | 
listed in Table I, those showing no net increase over the controls in Table | 


iT. 


The compounds active under these experimental conditions suggest that 
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substitutions adjacent to the phenolic hydroxy group or substitutions on 
the amino group prevent the oxidation. The ethyl ester was nearly as ac- 
tive as L-tyrosine, but at the pH used there may have been considerable 




















TaseE I 
Compounds* Showing Net Oxygen Uptake over Control Flasks 
Amount 
Amount used 
Compound pang Hs Compound = _ 
oe: BM uM 
L-Tyrosine 3, 5, 10 | u-Tyrosine butyl ester 5 
p-Tyrosine 5 se amide 5 
pL-Tyrosine 10 p-Hydroxyphenylpyruvic acid 3, 6, 9 
L-Tyrosine ethyl ester 5 Homogentisic acid lactone 5 
Tas_eE II 


Compounds* Showing No Net Oxygen Uptake over Control Flasks 

















Amount Amount 

Compound bay r Compound used per 
BM uM 
Carbobenzoxy-L-glutamyl- 5 p-Hydroxymandelic acid 10 
L-tyrosine L-Phenylalanine 10 
Carbobenzoxy-DL-tyrosine 10 Phenylpyruvic acid 10 
Diiodotyrosine 10 Phenylserine 20 
Dibromotyrosine 10 L-Leucine 20 
Dinitrotyrosine 10 pu-Methionine 20 
Mononitrotyrosine 5 pDuL-Valine 20 
3-Aminotyrosine 10 pu-Glutamic acid 5 
Tyramine hydrochloride 10 pui-Alanine 20 
p-Hydroxyphenylacetic acid 5 3,4-Dihydroxyphenyl 10 

p-Hydroxycinnamic acid 10 alaninet 





* We are indebted to Dr. E. M. Gal for the tyrosine amide, homogentisic acid, 
p-hydroxymandelic acid, and p-hydroxyphenylpyruvic acid, to Dr. E. F. Jensen for 
the ethyl and butyl esters, to Dr. H. Fraenkel-Conrat for the carbobenzoxy-t- 
glutamyl-L-tyrosine, to Dr. R. Y. Stanier for the p-hydroxyphenylacetic acid, 
and to Miss G. Solomon for the mononitrotyrosine. 


} There was some oxygen uptake which we believe was due to non-enzymatic 
oxidation. 


hydrolysis of the ester. The amide and the butyl ester were attacked 
much more slowly than L-tyrosine and further experiments need to be car- 
ried out to find out what products are formed from these compounds. 

The reason for the activity of p-tyrosine, about one-third the rate of L- 
tyrosine, is not clear. px3-Alanine was practically inactive and we would 
have expected it to have shown more uptake of oxygen if the p-amino acid 
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oxidase were functioning under these experimental conditions. The purity I A 


of the p-tyrosine is too high’ to account for the activity on the basis of con- | ac 

tamination with L-tyrosine. - wi 
A comparison of the initial rates of oxygen uptake by using L-tyrosine, 

p-hydroxyphenylpyruvic acid, and homogentisic acid lactone showed that an 


L-tyrosine was the slowest. This difference in rates is consistent with the 
possibility that the keto acid and homogentisic acid are intermediates in 
tyrosine oxidation. If this is true, the rate-limiting step of the series of re- | 
actions must precede the p-hydroxyphenylpyruvic acid oxidation step 
under these experimental conditions. 

The failure to find any net oxygen uptake by using L-leucine and some 
of the other L-amino acids, which are better substrates for the L-amino acid 
oxidase than L-tyrosine, suggests that the L-amino acid oxidase is not active 
under these experimental conditions and argues against the first step of 
tyrosine oxidation being the conversion to the corresponding keto acid by 
the action of the L-amino acid oxidase. 

Experiments with homogentisic acid lactone* showed the oxygen uptake 
reached a plateau at 2 atoms of oxygen per molecule. With 5 um amounts, 
this plateau was reached within 30 minutes. Boiled extract controls 
showed no appreciable autoxidation within this time. 

p-Hydroxyphenylpyruvic acid‘ required about 3.5 atoms of oxygen per 
molecule of substrate to reach a plateau. 

Inhibitors—Only a few inhibitors have as yet been tested. The tyrosine 
oxidation system was strongly inhibited by 0.01 m cyanide and iodoacetate. 
Malonate (0.01 m) was not inhibitory and atabrine tested up to 0.001 m had 
no effect upon either the control or the tyrosine oxygen uptake. 

Arsenite (0.01 m) lowered the control oxygen uptake rate by about 50 per 
cent, but did not inhibit tyrosine oxidation and behaved like pyrophosphate 
in this respect. 

Keto Acid Stimulation—Even in the presence of boiled yeast extract, F 
there was a marked stimulation of the rate of tyrosine oxidation by the} slut 


addition of a-ketoglutarate or oxalacetate. Pyruvate was inhibitory and - P 
the stimulation by oxalacetate was shorter and less pronounced than that iia 
by a-ketoglutarate. The keto acids did not alter the control oxygen up-| ino, 
take rate. The rate was about tripled by the addition of 0.01 m arsenite. i 
? The p-tyrosine had an optical rotation of [a]}‘ = +10.6° (4.8 per cent solution fepe 
in1N HCl). The literature value (8) for p-tyrosine is [a]?® = +10.3° (4 per cent 
solution in 1 n HCl). upta 
3 Homogentisic acid lactone was prepared by the method of Abbott and Smith foun 
(9). The melting point was 188-189°, uncorrected. flask 


4 p-Hydroxyphenylpyruvic acid was prepared by using p-hydroxybenzaldehyd | ghoy 
by the method of Herbst and Shemin (10). The product was recrystallized from T 
water and melted at 212-214°, uncorrected. 
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A demonstration of the stimulation of the oxidation of tyrosine by keto 
acids is shown by the curves in Fig. 1. This stimulation was not found 
with p-hydroxyphenylpyruvic acid as the substrate. 

The boiled extract obviously supplies other factors than the keto acids 
and we are attempting to identify these additional factors. 








350+ 4 
Tyrosine + 
Keto Acids 

300+ fl 
= Tyrosine 3 
o 250+ 
© 
= 
S 200+ ° 
o 
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= ° ae. 1 
Qa. a utter 
5 150 2 
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[o) Keto Acids 
x 100+ 
oO e 

a 
50+ /* 
! ! ! | i L ! ! | | an 
O 20 40 60 80 100 120 


Time in Minutes 
Fig. 1. The stimulation of the oxidation of L-tyrosine by a mixture of a-keto 
glutarate and oxalacetate in the presence of arsenite. Flask contents, 2.0 ml. of 
20 per cent extract of rat liver acetone powder, 1.0 ml. of pyrophosphate buffer, 
0.2 ml. of sodium arsenite (to yield a final concentration of 0.01 m), 0.3 ml. of a-keto- 


glutarate-oxalacetate mixture (10 um each) or 0.3 ml. of H,O, and 5 uM of 1-tyrosine 
in 0.5 ml. of buffer or buffer alone in the side arm. 


Oxygen Uptake, Products, and Course of Reaction—As has been previously 
reported with other systems in vitro under optimal conditions, there is an 
uptake of 4 atoms of oxygen per molecule of L-tyrosine. We have also 
found this ratio repeatedly with even as much as 10 uM of L-tyrosine per 
flask. After the net uptake of oxygen had ceased, testing for tyrosine 
showed that virtually none remained. 


To obtain a more complete picture of the over-all reaction, several bal- 
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ance experiments were performed. Oxygen uptake, carbon dioxide pro- 
duction, acetoacetic acid production, decrease in tyrosine, and ammonia 
liberation were all determined in the same experiment. Since aniline 
citrate decarboxylates both acetoacetic acid and oxalacetate, the latter was 
also determined by the aluminum sulfate decarboxylation method. Each 


Tasie III 
Balance Experiment with & um u-Tyrosine 
The flask contents were as described under the section on methods, 20 per cent 
extract of rat liver powder, boiled pig liver extract supplemented with 2.0 mg. of 
a-ketoglutarate per flask, and HCl in the second side arm; total volume 4.2 ml. 


After a 2 hour incubation, acid was tipped and readings continued for 20 minutes for 
bound CO, liberation. 





Values calculated per flask 




















Found Theoretical* 
ul. uM ul. uM 

Net oxygen uptake.......... 221 9.9 224 10.0 

** CO, liberated during in- 

PI RUIOR ei cose stet aS ccals.cet5:0 150 Oot 112 5.0 
CO: liberated by aniline cit- 

rate decarboxylation...... 81 3.6 112 5.0 
CO: liberated by aluminum 

sulfate decarboxylation. ... 0 0 

LOUIS co osiece ccs noe dels 231 10.3 224 10.0 
Decrease in tyrosine......... 0.903 mg. 5.0 um 0.905 mg. 5.0 um 
Net ammonia nitrogen liber- 

1 ie GNM erga aya er bare 22 v 1667" 0 0 








The CO: liberated in the control incubation flasks was 264 ul., including the ini- 
tially bound CO,. The decrease in tyrosine was calculated from the difference in 
the zero time and incubated tyrosine flasks, 924 y — 21y = 9037. The control in- 
cubation flasks had 136 y of NH;-N, including the initial ammonia. 

* The theoretical values are based upon the assumption that the products are 
carbon dioxide, acetoacetic acid, and fumaric acid, and that a transamination step 
is present. 


balance study required fourteen incubation flasks and the analyses were 
carried out in duplicate or triplicate. Zero time analyses were also made 
to determine the initial tyrosine, free ammonia, and acetoacetic acid. 

The averaged results of two balance experiments are given in Table III. 
The oxygen uptake data are shown in detail in Table IV. 

From the carbon dioxide data, it appears that some of the acetoacetic 
acid was decomposed during the incubation and hence more than the theo- 
retical amount of carbon dioxide was liberated during the incubation and 
less by the aniline citrate. The total carbon dioxide from both sources 
checks with the expected value within the limit of the experimental error. 
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The decarboxylation by aniline citrate, although corrected for any oxal- 
acetate, is not entirely specific for acetoacetic acid. According to Ravdin 
and Crandall (11), fumarylacetoacetic acid, a possible intermediate, is 
slowly decarboxylated by aniline citrate at 37°. The product here is more 
likely acetoacetic acid because of the rapid rate of decarboxylation at 26° 
and it parallels the rate observed when known acetoacetic acid was added 
to a control incubation flask. The oxygen uptake data would be the same 
for either product. 

The failure to find free ammonia equivalent to the amount of L-tyrosine 
oxidized agrees with the results of Felix and Zorn (12) with minced pig 


TaBLeE IV 
Oxygen Uptake with 5 um of u-Tyrosine 
Average of eight control flasks and eight flasks with tyrosine. 




















rime | Gantrl ass, | Tyronine Asks, | at oxygen uptake PH cnt endation 
min. pl. ul. pl. 
10 34 83 49 21.9 
20 60 150 90 40.2 
30 84 208 124 55.4 
40 100 250 150 67.0 
50 116 286 170 75.9 
60 134 320 186 83.0 
75 156 356 200 89.3 
90 174 383 209 93.3 
105 191 407 216 96.4 
120 208 429 221 98.7 





Plotting the log of the per cent oxidation still uncompleted versus time gave a 


| straight line, indicating that the reaction is a first order. 


* (ul. oxygen uptake)/224 X 100. (224 is theoretical complete oxidation.) 


liver. Since Lerner (13) could not find any significant amounts of alanine 
formed directly from C'-6-labeled tyrosine by rat liver slices, a transami- 
nation reaction® would be more consistent with the present experimental 
data; namely, the stimulation of the reaction by keto acid. 


DISCUSSION 


As in the previous work with systems in vitro, L-tyrosine required the 
uptake of 4 atoms of oxygen per molecule and homogentisic acid required 
2atoms. Contrary to the results of Felix et al. (2, 3), we have found 3.5 
atoms of oxygen used per molecule of p-hydroxyphenylpyruvic acid rather 
than between 2 and 3 atoms, as he reported. This difference may have 


’ Subsequent to the present experimental work, evidence for the transamination 
of L-tyrosine by tissue extracts has been reported by others (14, 15), 
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been due to greater purity of our acid or the fact that we used lower sub. } 
strate concentrations. : 

Felix and coworkers used 11.1 um of the keto acid, 3 hours being required 
for the oxygen uptake to reach a plateau; our system showed a rapid uptake 
of oxygen with 3 or 5 uM of substrate, with plateaus within 30 and 60 min- 
utes respectively. There is some non-enzymatic oxidation of the keto : 
acid, but since it involves less than 3 or 4 atoms of oxygen per molecule, fur' 
any non-enzymatic oxidation would reduce the plateau level reached to | 
less than the theoretical value. We believe that the oxygen uptake with 





the keto acid should be 4 atoms, just as with L-tyrosine. The finding that I 
the keto acid required 4 atoms also would allow homogentisic acid to bea | SY"! 
normal intermediate, while 3 atoms would not, as Felix et al. pointed out _ 
(2). 2 
If the final products of tyrosine oxidation are CO, fumaric acid, and | °™ 
acetoacetic acid, as recent work suggests (11, 13), the over-all requirement 3 
should be 5 atoms of oxygen per molecule of substrate tyrosine, and free | "4! 
ammonia equivalent to the amount of tyrosine oxidized would also be ex- | 8°” 
pected. Since manometric experiments show general agreement in ob- 4. 
taining only 4 atoms of oxygen under optimal conditions, this difference | "0" 

must be explained. If a transamination step were present, the oxygen 

requirement would be lowered by 1 atom, and 4 atoms should be expected 
to be required for both tyrosine and the corresponding keto acid and no : 
ammonia should be liberated. 3 | 
Our manometric data are in agreement with the possible presence ofa} 4. ¢ 
transamination step. The stimulation of L-tyrosine oxidation, but not of 5. F 
p-hydroxyphenylpyruvic acid oxidation, by the addition of a-ketoglutarate } ° £ 
and the small amount of free ammonia liberated during the incubation also nt 
support this view. Further experiments are under way to establish} ¢ s 
whether the first step is, indeed, a transamination reaction. 9. A 
Previous work and the results reported suggest that the biological oxi-f 10. H 
dation of L-tyrosine by liver takes place according to the following steps. : ; 
HO V4 \ —_CH,CHNH.COOH Transamination . : 
Tyrosine 15. C 


HO¢ S—CH.cOo—COoOE| 


p-Hydroxyphenylpyruvic acid 
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HOOC—CH=CH—CO—CH:—CO—CH:—COOH 
Fumarylacetoacetic acid 


— HOOC—CH+=CH—COOH + CH;CO—CH.—COOH 
Fumaric acid Acetoacetic acid 


The proposed oxidation scheme is obviously incomplete. It remains for 
further work to fill in the missing steps. 


SUMMARY 


1. An extract of rat liver acetone powder contains an active enzyme 
system which, when properly fortified, rapidly oxidizes tyrosine, p-hy- 
droxyphenylpyruvic acid, and homogentisic acid. 

2. Conditions suitable for studying tyrosine oxidation by this system and 
some preliminary results are given. 

3. The oxidation of both L-tyrosine and p-hydroxyphenylpyruvic acid 
requires the uptake of 4 atoms of oxygen per molecule of substrate; homo- 
gentisic acid requires the uptake of 2 atoms of oxygen. 


4. Evidence is presented which supports the theory that a transamina- 
tion step is present in tyrosine oxidation. 
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GEL FORMATION CAUSED BY ADENOSINETRIPHOSPHATE 
IN ACTOMYOSIN SOLUTIONS 


By SAMUEL 8. SPICER 


(From the Laboratory of Physical Biology, Experimental Biology and Medicine 
Institute, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, September 8, 1950) 


The marked effect of adenosinetriphosphate (ATP) on actomyosin 
was first appreciated when it was shown that this nucleotide in a solution 
of myosin B at high salt concentration induces a sharp drop in viscosity 
(1, 2). Investigation of the ATP viscosity effect led eventually to the 
recognition that myosin solutions, as originally prepared (myosin B), con- 
sisted of a combination of two proteins, actin and myosin (1, 3). At low 
salt concentration ATP induces “superprecipitation” of actomyosin; 7.e., 
the formation of an irreversible contractile precipitate (4). A third type 
of response involving formation of a reversible gel after ATP is added to 
actomyosin at intermediate salt concentration or at low salt concentration 
and high pH has now been observed. 


Methods 


Myosin was prepared from rabbit muscle according to the method of 
Szent-Gyérgyi (4), with the added step of removing actomyosin by addi- 
tion of ATP (5). Histidine, 0.006 m, pH 7.0, was added to the myosin to 
prolong its usefulness. A batch of myosin stored at 0° was not used longer 
than 2 weeks. The method of preparing globular (G) and fibrous (F) ac- 
tin was that most recently recommended by Feuer et al. (6). The barium 
salts of ATP and inosinetriphosphate (ITP), obtained commercially (Sig- 
ma), were converted for use as the sodium salt. The concentration of 
ATP was determined spectroscopically (7) and by enzymatic (8) or acid 
hydrolysis. Water distilled from glass vessels was used exclusively. 

The reaction of actomyosin with ATP was studied by adding to approx- 
imately 1.5 mg. of myosin, in 0.1 ml. of 0.6 m KCl in a Wassermann tube, 


| sufficient 4 m KCl solution to give the desired salt concentration, followed 


by water to make the final volume 2 ml., and then together approximately 
1 um of ATP and 0.5 mg. of actin in 0.1 ml. of 0.1 m KCl. The tube was 
inverted and returned for observation to a rack partially immersed in wa- 
ter in a glass jar with flat sides. The pH was controlled in some experi- 
ments with 0.05 m histidine buffer. When buffer was not employed, the 
pH of the reaction mixture was 6.7 (+0.1). Experiments were done at 


_ room temperature. Nitrogen in the myosin and actin solutions was de- 


termined by the Kjeldahl procedure. 
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GEL FORMATION IN ACTOMYOSIN SOLUTIONS 


Results 


A representative experiment showing the effect of KCl concentration on 
the actomyosin-ATP reaction is presented in Fig. 1, A. With increasing 
salt the contractility of the precipitate increased up to about 0.17 mM. At 
0.21 m a second less contractile precipitate appeared some time after the 
original plug had formed. Since the proteins were not present in the stoi- 
chiometric ratio of 1 mg. of actin to 4 mg. of myosin, the second precipita- 
tion quite possibly represents an actomyosin of different actin-myosin 
ratio than the first (5). The protein causing the second precipitate at 0.20 
M KCl may also be the cause of a fine precipitate present in the superna- 
tant solution between 0.07 and 0.17 m KCl. From 0.24 to 0.32 m KCl no 
superprecipitation occurred, but an opalescent cloudiness developed sey- 
eral minutes after addition of ATP. This turbidity denotes the formation 
of a gel. The streaked appearance of the turbidity in Fig. 1, A is due to 
disruption of the gel from agitation of the tube. Shaking the tube breaks 
the gel, and the high viscosity does not return unless ATP is added again. 
The tube may be shaken repeatedly after addition of ATP until the time 
when the opacity begins to develop, without impeding subsequent gelation. 
Above a concentration of 0.32 m KCl the solution remained nearly as clear 
after as before ATP. The salt concentration optimal for gelation varied 
slightly with the protein concentration and with different myosin and ac- 
tin preparations. 

At or somewhat above the middle of the range of salt concentration at 
which the opalescent turbidity develops, the firmest gel is formed. The 
solution of actomyosin, which at the lower salt concentrations for gelation 
is itself turbid, clears immediately upon addition of ATP, but. sub- 
sequently, after the nucleotide is hydrolyzed, becomes opaque again. At 


the higher salt concentrations for gelation the solution, although clear be- | 
fore addition of ATP, becomes opaque after the ATP is split. The degree | 
of opacity, when fully developed, does not vary with salt concentration. | 


Within a few seconds of the appearance of turbidity a gel develops which 
will not flow when the tube is inverted. Dilution of such a tube with wa- 


ter to lower the KCl concentration to 0.13 m shortly before the solution | 
solidifies fails to induce superprecipitation unless more ATP is added, indi- | 


cating that gelation occurs when the ATP level has decreased below that 
at which superprecipitation occurs. The salt concentration is critical 
during the ATP hydrolysis, for gelation does not take place when only half 
the necessary amount of water is added until the ATP is hydrolyzed, and 
then dilution to the proper ionic strength is completed. Gels firm enough 


to withstand inversion have formed in solutions containing 0.06 per cent 


protein. 


A weak gel forms when the non-polymerized G-actin is mixed with the | 
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Fic. 1. Superprecipitation and gelation. The reaction mixtures were prepared as 
described in the text. Tubes are cited from left to right. A, effeet of KCl concen- 
tration. Jonie strength increased at intervals of 0.035 from 0.02 in the first tube. 
B, effect of pH and CaCl:. The last four tubes contained 0.01 m CaCl. The pH 
increased to the right from the first and the seventh tubes at intervals of 0.65 
unit, starting at pH 6.05. The KCI concentration was 0.16 mM. C, reaction to ITP 
and Mg. The first three tubes represent results at either 0.25 or 0.27 m KCI with 
MgCl, (0.005 m) in the first, ITP (2 um) in the second, and MgCl: plus ITP in the 
third. The three middle tubes represent the same experiment at 0.25 m KCl after 
subsequent addition of 1 um of ATP to each tube. The last set of three tubes re- 
sembles the middle set, except that the KCl concentration was 0.27 mM. D to F, repe- 
tition of ATP. KCl concentration increased at intervals of 0.02 m from 0.17 m in the 
first tube. D, 30 minutes after the Ist um of ATP; EF, 3 minutes after addition of a 
2nd um of ATP in 0.02 ml. of solution; F, several hours after the 2nd um of ATP, 
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ATP in a myosin solution throughout the range of ionic strength in which 
the polymerized F-actin would produce a gel. No gel at all appears if the 
G-actin is added after mixing the ATP in the myosin solution. A second 
administration of ATP does not in this case cause gelation. The resulting 
gel is weaker when F-actin is mixed in the myosin solution before rather 
than simultaneously with (or after) the ATP. 

The effect of pH on the reaction is shown in Fig. 1, B. A pH of 6.7 was 
previously found to be near the optimum for superprecipitation with ATP 
(8) at 0.15 m KCl, and the results shown are in agreement. At pH 8.6 an 
invertible gel formed; at pH 9.1 the solution remained clear and non- 
viscous. The effect of 0.01 m Ca in preventing superprecipitation (with 
the usual amount of ATP) is also shown in Fig. 1, B. However, the tube 
containing 0.01 m Ca at pH 8.6 contained a gel. 

Inosinetriphosphate, shown recently to cause most of the actions charac- 
teristic of ATP on preparations of muscle protein if Mg is present (8), was 
found here to produce a weak gel without Mg and a firm gel with 0.003 m 
MgSO, (Fig. 1, C). Adenosinediphosphate, muscle adenylic acid, and in- 
organic orthophosphate lack the gelating property of the triphosphates for 
actomyosin. 

ATP added an hour after the ITP test shown in the left one-third of 
Fig. 1, C caused gel formation in tubes containing Mg at 0.25 or 0.27 m 
KCl, plug formation in a tube which had first received ITP at 0.25 m 
KCl, and turbidity without gelation in a tube which had previously been 
treated with ITP at 0.27 m KCl. ATP added to the tubes which had re- 
ceived ITP plus Mg produced a loose non-contractile precipitate. Thus 
Mg did not interfere with gelation by ATP, but did prevent contraction of 
the precipitate which occurred at the lower salt concentration the second 
time nucleotide was added. 

The effect of adding ATP repeatedly in 1 um doses to actomyosin prep- 
arations of varying salt concentration is shown in Fig. 1, DtoF. After the 
first addition of ATP, gelation occurred between 0.21 and 0.29 m KCI, the 
gel at 0.25 and 0.27 m KCl being so firm as to withstand inversion. It is 
evident that the higher the salt concentration, the greater is the time re- 
quired for the opalescence denoting gelation to appear. Addition of a 
second dose of ATP 14 hours after the first caused immediate clearing of 
the turbidity and disappearance of the gel between 0.21 and 0.29 m KCl. 
A photograph taken a few minutes after the second addition of ATP 
showed a contracted plug formed at 0.21 m KCl at which only turbidity 
and a weak gel had occurred previously, and a less dense plug forming at 
0.23 m KCl at which turbidity and a firmer gel had occurred the first time 
ATP was added. The contracted precipitates at 0.17 and 0.19 m KCI did 
not dissolve with the second addition of ATP but broke into fragments and 
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subsequently settled. Some time after ATP was added the second time, 
opacity and gelation recurred between 0.23 and 0.29 m KCl, only the gel 
at 0.27 M KCl being invertible. Although it is not shown in Fig. 1, the 
gels at 0.25 and 0.27 m KCl dissolved also with a 3rd um of ATP and set to 
a gel again after phosphorylysis of the nucleotide. Actomyosin gels more 
strongly a second time if the minimal amount of ATP is used the first time. 

As is shown in Fig. 2, the KCl concentration for either superprecipita- 
tion or gel formation increases as the pH decreases. At pH 6 actomyosin 
contracts poorly, for there was only a weak contraction between 0.16 and 
0.23 m KCl following a first addition of ATP, although an excellent plug 
formed between 0.25 and 0.29 m KCl after repeating the ATP. 

















9.0 
8.0 7 
es 
a 
7.0 5 
6.0 4 
0.1 0.2 0.3 
KCl M/L 
Fig. 2. Salt concentration and pH at which superprecipitation and gela- 
tion occur. A series of otherwise similar tubes (see the text) varying in KCl con- 


centration by 0.02 m was run at each pH level. A, highest salt concentration at 


which contraction occurred; @, highest salt concentration at which an invertible 
gel occurred. 


As is shown in Fig. 3, Ca narrows the range of salt concentration in 
which gelation occurs, whereas Mg, alone or in the presence of Ca, has the 
opposite effect. This range is much narrower also when gelation occurs a 
second time. Ca prevents and Mg, with or without Ca, enhances the gel 
that forms after the second administration of ATP. When Ca was pres- 
ent, the second addition of ATP did not cause the usual clearing of the 
opalescent turbidity. Ca, it is also to be noted, imparts a streaked appear- 
ance to the opacity of an actomyosin gel. 

Mg and Ca ions show an antagonistic action also in their influence on 
the ATP requirement for gelation and superprecipitation (Fig. 4). The 
presence of Mg, with or without Ca, decreases the amount of ATP re- 
quired to induce gelation to almost one-tenth that needed otherwise. Ca, 
on the other hand, approximately triples the ATP requirement. Simi- 
larly Mg increases and Ca decreases the effective ATP concentration for 
superprecipitation. 
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The amount of ATP required for superprecipitation is about 5 times 
that needed for gelation (Fig. 4). This is in agreement with the finding 
that gelation takes place after the ATP level is below that at which super- 
precipitation occurs. With Ca or Mg in the medium there is apparently 
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Fia. 3. Influence of Ca and Mg on the salt concentration for gelation. The re- 
action mixtures were prepared as described in the text. Concentration of Ca or 
MgSO, 0.0025 m. A, several hours after the first dose of ATP; B, several hours after 
repeating ATP. 1+ indicates that the contents flow quickly on tipping the tube, 
but that gel is visible; 2+, tube half-way invertible; 3+, tube invertible but gel 
slips quickly; 4+, gel falls on slight shaking of inverted tube; 5+, gel breaks 
only with vigorous shaking. 
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Fic. 4. Influence of Ca and Mg on ATP concentration required to induce gelation 
and superprecipitation. A, gelation. Components added in the order listed so that 
the reaction mixtures contained 1.5 mg. of myosin, KCl to give a total ionic strength 
of 0.31 (+0.01), 0.0025 m of Mg or CaSO, as indicated, water to make the final volume 
2 ml., and 0.5 mg. of F-actin and ATP; criteria of gel strength as in Fig. 3. B, su- 
perprecipitation. Components added in the order listed so that the reaction mix- 
tures contained 1.0 mg. of myosin, KCl to give an ionic strength of 0.14 (+0.01), 
0.0025 m Ca or MgSO, as indicated, water to make the volume 2 ml., and 0.4 mg. of 
F-actin and ATP. 1+ designates evident precipitation of protein without con- 
traction, 2+ slight contraction, 3+ to 5+ contraction to large, moderately small, or 
tiny plug, 
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an even greater difference in the amount of ATP required for gel and plug 
formation. 

The lapse of time between addition of ATP and full development of the 
opacity denoting gelation bears, as would be expected, a direct relation to 
the amount of ATP used. The salt concentration and pH also have a 
bearing on the time required for a gel to develop, as is shown in Table I. 
The gel time increases with increasing salt concentration at all pH levels 
studied. No such trend exists with increasing pH at a given ionic 
strength, for the time requirement is greatest at pH 7.8 and 8.2, decreasing 


TaBLeE I 
Factors Affecting Gel Time 
The reaction mixtures contained 1.5 mg. of myosin, 0.5 mg. of F-actin, 0.2 mg. 
of ATP, KCl to give the desired ionic strength, and 0.05 m histidine buffer in 2 ml. 
of solution. The results are expressed as minutes between mixing the components 
and the appearance of opalescent cloudiness denoting gelation. 


























0.0025 mu 
Total ionic Tn *CaSO« “MeSO« MgsOt 
strength 
pH 6.8 pH 7.8 pH 8.2 pH 8.5 pH 6.8 pH 6.8 pH 6.8 

0.16 2.0 

0.17 3.0 

0.18 3.8 3.5 3.4 

0.19 5.1 5.6 4.3 

0.20 6.4 6.1 5.2 

0.21 7.4 7.4 

0.22 8.6 

0.23 5.8 9.7 

0.24 6.5 

0.25 8.0 1.5 28.0 25.5 
0.26 9.2 | 











definitely at pH 6.7 and slightly at pH 8.5. Ca ions markedly accelerate 
and Mg ions, with or without Ca, retard the appearance of the opacity. 
Superprecipitation, which takes about 1 minute to occur, is only slightly 
more rapid than gelation at low salt concentration. It has been found 
that, although strong gels are formed over a wide range of myosin to actin 
ratios, the gel time increases progressively as the proportion decreases. In 
one experiment invertible gels were formed with ratios of mg. of myosin 
to mg. of actin that varied from 5:1 to 1.2:1 and the gel time increased 
over this range from 6 to 60 minutes. Mixing the actin into the myosin 
solution before rather than with ATP shortens the gel time approximately 
30 per cent in the lower half of the range of salt concentration for gelation 
(in which the actomyosin solution is turbid before ATP). The time for 
turbidity to appear is slightly less with G- than with F-actin. About the 
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same amount of time elapses after a second as after a first addition of ATP 
before gelation takes place. 

The gel time with ITP is less than that with ATP (Table II), and more- 
over Mg accelerates gelation with ITP. It was found in studies of ATPase 
activity that results with ATP and ITP in combination are like those with 


STI IE 


ATP singly, whether Mg is present or not (8). The same may now be | 


said, from the data in Table II, to apply to gel formation. 
The finding that more ITP than ATP is required to cause gela- 
tion (Table II) is in agreement with results on superprecipitation (8). The 


TaBLeE II 
Comparison of Gel Formation with ATP and ITP 

Each tube received 1.9 mg. of myosin, KCl to give the proper ionic strength, 
water to make the final volume 2 ml., 0.5 mg. of F-actin, and nucleotide. Experi- 
ment A, ionic strength 0.23, pH 7.3; Experiment B, 0.2 mg. of ATP and 0.5 mg, 
of ITP; Experiment C, ionic strength 0.31, pH 6.6. 0.32 mg. of ATP and 0.38 
mg. of ITP were used, except that half quantities of each were added when com- 
bined. 











ATP bY ite ATP + ITP 
scans 0.0025 0.0025 
\ M J M 0.0025 
NoMg | “Mgso. | NoMs | Mgso, | No Ms! Meso, 
A. Mg. required to produce | 0.04 | 0.004 0.4 0.04 
2+ gel* 


B. Ionic strength at which | 0.27- 0.18- 0.29- 0.25- 
gelation occurred at pH 0.34 0.34 0.33 0.34 
6.6 


C. Gel time in min. 23 200 8 4: 18 130 























* The criterion of a 2+ gel (as in Fig. 3) was taken because ITP did not produce 


a stronger gel in the absence of Mg. 


range of salt concentration for gelation by ITP is extended by Mg, though 
less so than is the case with ATP. 


DISCUSSION 


The opalescence and gel appear in these dilute actomyosin solutions as 
a direct consequence of the addition of ATP. This finding may be related 
to that of Laki and Clark, who observed a marked increase in viscosity of 


actin solutions upon addition of small amounts of myosin with ATP (9). | 
Because of its non-thixotropic nature and the reversibility with repeated | 
ATP, the gel should be placed in the class designated by Ferry as having | 


three-dimensional network of fibers bound together by secondary attrac- 


tive forces (10). 
The finding that ATP is responsible for formation of such a fibrous net- 
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work clarifies in part the mode of action of the nucleotide on actomyosin. 
An interesting model, perhaps analogous to the actomyosin gel, is 
described by Jullander (11). Cross-linking nitrocellulose chains at great 
intervals with silicon tetrachloride produced a gel. With too many cross- 
links, the chains became so closely bound that syneresis occurred; 7.e., ex- 
pulsion of solvent and contraction of the gel. According to this interpre- 
tation the specific réle of ATP in the actomyosin system may be considered 
to involve (a) the building up of long chain polymers, and (b) the estab- 
lishing of cross-links between the chains. 

In any mechanism postulated for these effects one must consider the 
cycle of the actomyosin-ATP reaction in vitro, which includes an immediate 
initial clearing of the solution, followed in a minute or more by gelation or 
plug formation. As a mechanism for the first stage, compatible with the 
various findings, it is suggested that ATP may alter the myosin or actin 
molecule, e.g. by straightening a folded chain, whereby in the presence of 
ATP long actomyosin particles are formed. 

The establishing of cross-links between the polymer chains could either 
be mediated by ATP or be an indirect result of ATP action. A direct in- 
volvement is indicated, through analogy with the nitrocellulose model, by 
the finding that less ATP is required to produce gelation (with relatively 
infrequent cross-links) than to cause syneresis. Quite likely the Mg ef- 
fect on the ATP requirement for gelation reflects increased affinity of pro- 
tein for substrate. If it is assumed that at double the ATP concentration 
giving half maximal gelation in the presence of Mg (Fig. 4) each molecule 
of ATP establishes one cross-link, then the weight-average molecular 
weight of units containing a cross-link as given by the equation M, = 
C/2m.1 (where m-: is molar concentration of cross-links and C is gm. per 
liter of polymer (12, 13)) is 70,000. Assuming further that double the 
concentration of ATP required to give half complete gelation in the pres- 
ence of Mg (Fig. 4) represents the number of cross-links required to pro- 
duce the subsequent gelation, it is found that about five links occur per 
100,000 unit weight of protein. Comparing this value with the amino 
acid constitution of myosin B (14) shows correspondence with tryptophan, 
which is the only constituent having less than 10 residues per 10° gm. of 
protein. 

On the other hand, the formation of cross-links may result from dis- 
charge of anionic charges imparted to the actomyosin in fibers by ATP 
upon enzymatic hydrolysis of the nucleotide. Since the effect of increas- 
ing the salt concentration at a given pH resembles that of increasing the 
pH at a given salt concentration in the range 0.1 to 0.2 m KCI, it is reason- 
able to presume a common basis, e.g. adsorption of anion, for both. The 
hydrated phase immediately following addition of ATP would yield then 
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as the nucleotide is hydrolyzed by the enzyme to either (1) a clear solu- 
tion, (2) a gel, or (3) a contracted precipitate, depending on the residual 
charge imparted by adsorbed OH or Cl ion. The plug formation af- 
ter a second administration of ATP at the lower salt concentrations at 
which a gel appears at first suggests that only part of the more numerous 
or stronger cross-links in these gels is reversible by ATP. 

The gelling of dilute actomyosin solutions and dependence of this process 
on salt concentration and pH add to the list pointed out by Bailey of 
functional and structural similarities between myosin (B) and fibrinogen 
(14). 

The effect of salt concentration on the lapse of time before gelation can- 
not be due to an influence on ATPase activity (unpublished experiments). 
That superprecipitation occurs more quickly than gelation appears to be 
due to the lower ionic strength for the former. In the light of the KCl 
effect it was surprising to find that the gel time did not increase with pH 
at a given ionic strength. Such a relationship could be obscured by the 
effect of pH on the ATPase activity of actomyosin, for excess ATP was 
used. A more rapid gel process with ITP than with ATP and acceleration 
of the ITP action by Mg were to be expected from previous results on the 
ITPase activity of myosin (8). 

A relation between the actomyosin gelS occurring after disappearance of 
the ATP and postmortem rigor is suggested by the finding of Erdés that 
rigor mortis occurs as a result of the disappearance of ATP from muscle 
(15). Postmortem rigidity, like the actomyosin gel, represents a non- 
thixotropic state. Gelation, it will be noted, occurs near the isotonic salt 
level in the presence of Mg, even at pH 6.7. 

The antagonistic influence of Mg and Ca on the ATP requirement for 
superprecipitation and gelation may have importance in muscle action. In 
order to explain the contraction of fresh muscle fibers, containing an abun- 
dance of ATP, on addition of still more ATP, Szent-Gyérgyi has postulated 
an inactive form of the nucleotide in muscle (4). The extraneous ATP 
could, in view of the present results, serve to overcome a Ca depression of 
the effective ATP level. Since Mg both counteracts and antagonizes the 
Ca influence, a release of Mg in an actomyosin system containing Ca would 
increase the effective ATP concentration approximately 30-fold. 


SUMMARY 


1. At the appropriate KCl concentration and pH, gelation occurs in ac- 
tomyosin solutions after addition of adenosine- or inosinetriphosphate. 
The ionic strength at which gelation occurs decreases as the pH increases. 

2. The nucleotide has a 2-fold effect on actomyosin, causing an immed- 
iate clearing of the solution, followed by gelation or superprecipitation, de- 
pending on the ionic strength. 
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3. The non-thixotropic gel disappears on repeating the ATP and recurs 
again after the nucleotide is hydrolyzed. At the lower salt concentrations 
at which gelation takes place, actomyosin forms a gel the first time and a 
contractile precipitate the second time ATP is added. Ca inhibits and 
Mg enhances gelation after a second addition of the nucleotide. 

4. Mg greatly extends whereas Ca narrows the range of salt concentra- 
tion at which gelation takes place with ATP. 

5. Mg greatly increases the strength of the ITP-induced gel. 

6. Gel strength varies with the order of mixing the components. A gel 
does not appear after addition of G-actin to a myosin solution containing 
ATP. 

7. Approximately 5 times as much ATP is required for superprecipita- 
tion as for gelation. 

8. Mg decreases and Ca increases several fold the amount of ATP re- 
quired for either superprecipitation or gelation. 

9. Mg invariably counteracts the Ca effect. 

10. Factors other than ATP concentration that influence the gel time 
include salt concentration, pH, the actin to myosin ratio, and order of 
mixing the components. Ca shortens and Mg prolongs the gel time with 
ATP; Mg shortens the gel time with ITP. 
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STUDIES ON d- AND l-a-KETO-86-METHYLVALERIC ACIDS 
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Although biochemical studies have been made of the a-keto analogues 
of a number of a-amino acids, the a-keto analogues of isoleucine have 
' received relatively little attention. Two a-keto analogues of this amino 
' acid are possible, namely d-a-keto-6-methylvaleric acid, which has the 
same configuration at the 6-carbon atom as L-isoleucine and p-alloisoleu- 
cine, and l-e-keto-8-methylvaleric acid, which has the same configuration 
as L-alloisoleucine and p-isoleucine. It is evident that enolization of either 
keto acid would destroy the asymmetric center and that subsequent con- 
version to the keto form would yield a racemic product. In a previous 
communication from this laboratory (1), the preparation of optically ac- 
tive a-keto-8-methylvaleric acids by enzymatic oxidation of the corre- 
sponding D-amino acid was briefly outlined. In the present report, the 
detailed procedure for the preparation of these keto acids as crystalline 
sodium salts is given, studies on the racemization of these compounds by 
alkali are deseribed, and certain enzymatic properties are reported. 





EXPERIMENTAL 


Materials—Hog kidney acetone powder was prepared from fresh tissue 
and stored at 5°. A p-amino acid oxidase preparation was obtained by 
_ extracting the acetone powder with 20 volumes of cold water in a Waring 
blendor. The extract was filtered through gauze and centrifuged, and 
the solution was used immediately. 

Pure samples of p-alloisoleucine and p-isoleucine were donated by Dr. 
J. P. Greenstein. A preparation consisting of a mixture of p-alloisoleu- 
cine and L-isoleucine (labeled ‘‘pL-isoleucine”; Lot 8305) obtained from 
the Nutritional Biochemicals Corporation, and a batch of pL-isoleucine 
Lot 40761) obtained from Merck, were used for the preparation of the 
keto acids. The composition of these preparations of isoleucine was es- 
tablished by Greenstein, Levintow, Baker, and White (2). The epimeric 
isoleucine preparation was acetylated with 2 moles of acetic anhydride in 
glacial acetic acid, and the recrystallized acetyl derivative (m.p. 150-151°) 
was hydrolyzed with hydrochloric acid (2). 

An active cell-free yeast carboxylase preparation was obtained by grind- 
ing 1 gm. of an acetone powder of bottom brewers’ yeast with 2 gm. of 
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alumina (No. A-301, Aluminum Company of America) in a mortar. The | A 5 
ground material was suspended in 20 cc. of 0.2 m sodium acetate buffer } pry 
(pH 4.9) and centrifuged. | prey 

Oxidation of p-Alloisoleucine and v-Isoleucine by p-Amino Acid Oxidase— | pilo 
The oxidation of p-alloisoleucine and p-isoleucine by the kidney oxidase ress 
preparation at various values of pH is described in Fig. 1. The optimum amt 
pH range for both substrates is 8.5 to 9.0. p-Isoleucine is oxidized some- | 


fied 
what more rapidly than p-alloisoleucine under these conditions. For the | 60- 
preparation of the keto acids, it is desirable to employ relatively concen- [ in v 
trated substrate solutions. With a final concentration of 0.05 m with | mai 
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Fic. 1. Oxidation of p-alloisoleucine and p-isoleucine at various values of pH. ain 
The flasks contained 0.5 ce. of oxidase preparation, 0.5 cc. of p-alloisoleucine-t- 
isoleucine (100 um) or DL-isoleucine (100 um), and 1 cc. of 0.1 m phosphate buffer (pH base 
7 to 8) or 0.1 m pyrophosphate buffer (pH 8 to 10). Ordinate, microliters of oxygen q 
absorbed in 40 minutes at 37°. va 
respect to the p isomers, the initial rates of oxygen uptake were 50.5 and | fa 
41.1 microatoms per hour per cc. of enzyme, at pH 8.2, and 37° for > 


isoleucine and p-alloisoleucine, respectively. Comparative rate studies} 
with the pure p isomers and the optically inactive isoleucine preparations 
indicated that L-isoleucine had no effect -on the rate of oxidation of either 
D isomer. The 

Preparation of d- and l-a-Keto-6-methylvaleric Acids—The following pro- 
cedure was employed for the preparation of the optically active keto acids. | 
A 0.2 m solution of the racemic or epimeric isoleucine preparation in 0.0 ihe 
M pyrophosphate buffer at pH 8.2 was added to an equal volume of D- seid, 
amino acid oxidase solution. The mixture was placed in a constant tem) hydr; 


cific 


perature bath at 37° and mechanically stirred for 6 to 15 hou’) °?§ 
sto 

1 The keto acids are not metabolized to an appreciable extent by the kidney pov- a 

der extract. The pure sodium salts of the d- and l-keto acids were incubated with aT 
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A stream of oxygen was continuously bubbled into the solution and ca- 
prylic alcohol was added as needed to prevent foaming. Prior to the 
preparative run, the activity of the enzyme preparation was checked in 
pilot experiments carried out in conventional Warburg vessels. The prog- 
ress of the oxidation of isoleucine in the large scale run was followed by 
ammonia analyses. When oxidation was complete, the mixture was acidi- 
fied to pH 4.5 with concentrated hydrochloric acid, heated with norit at 
60-70° for 30 minutes, and filtered. The clear filtrate was evaporated 
in vacuo to about one-third of its volume. A small precipitate consisting 
mainly of L-isoleucine was filtered off and the solution treated again with 
norit to remove residual protein. The filtrate was acidified to pH 1.0 
with concentrated hydrochloric acid and extracted five to eight times with 
an equal volume of ether. The combined extracts were dried over sodium 
sulfate and the ether evaporated. The keto acid was distilled under re- 
duced pressure (b.p. 73°; 10 mm. of Hg). It was necessary to warm the 
condenser to prevent solidification of the product, which melted at 38-40°. 

The sodium salts of the keto acids were obtained as follows.. A 0.25 
m solution of the keto acid was chilled in ice and cold 0.5 N sodium hy- 
droxide was added dropwise with vigorous mechanical stirring until the 
pH (measured with the glass electrode)? was 3.8 to 4.0. The solution was 
evaporated in vacuo until crystals of the sodium salt appeared. 6 vol- 
umes of cold acetone were added and, after standing at —10° for 2 hours, 
the crystalline sodium salt was filtered, washed with cold acetone and 
ether, and dried in vacuo. The yield of sodium salt was 50 to 80 per cent, 
based on the p-amino acid. 


Sodium d-a-keto-8-methylvalerate;? CsH,O;Na 
Calculated. C 47.34, H 5.96, Na 15.12 
Found. S¢ 47.25, “ 5:57; 15.02 
[a]p = +32.6° (1% solution in water); +20.8° (2% solution in n HCl) 
Sodium l/-a-keto-8-methylvalerate; CsH,O;Na 
Calculated. C 47.34, H 5.96, Na 15.12 
Found. © 47.40, ** 5.84, ‘* 15.17 
[a]> = —32.6° (1% solution in water); —20.3° (2% solution in n HCl) 


The 2 ,4-dinitrophenylhydrazones of the keto acids (m.p. 176°) gave spe- 
cific rotations of +16.7° and —16.7° (2 per cent solution in ethanol), for 





the enzyme solution for 10 hours at 37°. After deproteinization with perchloric 
acid, 80 to 85 per cent of the added keto acid was recovered as the 2,4-dinitrophenyl- 
hydrazone; there was no loss of optical activity. 

* Since 90 per cent of the acid is neutralized at pH 3.5, the titration was usually 
stopped at this point in order to prevent addition of an excess of alkali. The pK 
value of the keto acid is 2.3. 

* The microanalyses were performed by Mr. R. J. Koegel. 
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the d and I isomers, respectively. These values are in agreement with from 
those reported by Greenstein et al. (2). dete 

Although the optimum pH range for enzymatic oxidation of the amino | 17.9 
acids is 8.5 to 9.0, it is essential, in order to avoid racemization, that the | at V: 
pH should not be permitted to exceed 8.4 at any stage of the preparation, t taing 


In the preparation of the sodium salts, it is particularly important to use | keto 
dilute alkali and to stir rapidly in order to prevent accumulation of a local | by g 
excess of alkali. isom 

Racemization of a-Keto-B-methylvaleric Acid—It is well known that enoli- TI 
zation of optically active ketones possessing an adjacent asymmetric |  6-me 
carbon atom carrying a hydrogen atom leads to racemization. The re- over 


lationship of enolization and racemization has been investigated in studies 
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pH 
Fic. 2. Relation of pH and racemization of d- and l-a-keto-8-methylvaleric acids. 
Solutions containing 70 mg. of keto acid in 5 cc. of 0.1 m buffer (pH 8 to 11, borate; 





SPECIFIC ROTATION (+, £-) 


pH 6 to 7, phosphate; pH 5.0, 5.1, acetate; pH 3.0, citrate) were incubated for 15 Fic 
hours at 37°. Ordinate, specific rotation of isolated 2,4-dinitrophenylhydrazone (2 | (logar 
per cent solution in ethanol). cent s 

Curve 


on a number of compounds (for example, see (3-7)). In the present 
study, the loss of optical activity in alkaline solution was observed by | of 1. 
direct polarimetry and by determinations of the optical rotation of the | 26° is 
2 ,4-dinitrophenylhydrazine derivatives. agains 

Solutions of the sodium salts of d- and l-a-keto-6-methylvaleric acids | fore fi 
in buffers were incubated at 37° for 15 hours.! A 30 per cent excess of | the ra 
0.7 per cent 2,4-dinitrophenylhydrazine in 2 nN hydrochloric acid was [ by th 
added, and after standing for at least 1 hour, the hydrazones were filtered, | 1.8 pe 
washed with cold water, and dried in vacuo. From 90 to 95 per cent of | , 0.1 
the keto acid was precipitated by this procedure. After recrystallization ‘i 
aly = 


4 Significant decomposition of the keto acid does not occur in alkaline solution baate 


under these conditions. Solutions of the keto acids in 0.1 n potassium hydroxide ri 
were incubated at 37° for 15 hours, and then adjusted to pH 4.9 with acetic acid. and 7. 
Subsequent treatment with yeast carboxylase gave, within experimental error, theo- Und 
retical yields of carbon dioxide. the ke 








XUM 





ith 


ino 


the | 


use | 
eal 


\oli- 
tric 
Te- 


dies | 


acids. 
orate; 
for 15 
one (2 


esent 
xd by 
of the 


acids 


ess of 
1 was 
tered, 
ent of 
zation 


olution 
droxide 


ic acid. | 


r, theo- 











A. MEISTER 273 


from water, the specific rotations of the 2 ,4-dinitrophenylhydrazones were 
determined. Nitrogen analyses of these derivatives gave values between 
17.9 and 18.3 per cent (calculated, 18.1 per cent). Racemization occurred 
at values of pH higher than 8.4 and an optically inactive product was ob- 
tained at pH 11 (Fig. 2). The 2,4-dinitrophenylhydrazone of the racemic 
keto acid melted at 168-169°. The melting point of a mixture prepared 
by grinding together equal parts of the dinitrophenylhydrazones of the two 
isomers was 169°. 

The optical activity of solutions of the sodium salts of d- and l-a-keto- 
g-methylvaleric acids in water and in N hydrochloric acid did not change 
over a 24 hour period at 26°. The rate of disappearance of optical activity 
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MINUTES 
Fic. 3. Rate of disappearance of optical activity in alkaline solution. Ordinate 
(logarithmic scale), specific rotation of sodium l-a-keto-6-methylvalerate (1.8 per 
cent solution). Curve 1, 0.2 n KOH; Curve 2, 0.1 n KOH; Curve 3, 0.05 n KOH; 
Curve 4, 0.01 n KOH; Curve 5, 0.1 m borate buffer, pH 11.10. 





of 1.8 per cent sodium l-a-keto-8-methylvalerate in alkaline solutions at 
26° is described in Fig. 3. The plot of the logarithm of specific rotation 
against time in each case yielded a straight line. The reaction rates there- 
fore fit a first order expression, and are consistent with the concept that 
the rate of enolization at a given hydrogen ion concentration is determined 
by the concentration of the keto form. The rate constants calculated for 
1.8 per cent solutions of sodiurn l-a-keto-8-methylIvalerate (at 26°) in 0.2 
N, 0.1 n, 0.05 N, and 0.01 N potassium hydroxide were 0.153, 0.0684, 
0.0374, and 0.00622 min.—', respectively, where k = 1/t In (([a]:)/({alo)), 
al) = initial specific rotation, and [a]; = specific rotation at time, t. In 
borate buffers at pH 9.00, 10.00, and 11.10, the constants were 0.628, 2.01, 
and 7.19 X 10-* min.-, respectively. 

Under the conditions employed, it would appear that virtually all of 
the keto acid is in the keto form at values of pH less than 8.4, and that 
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rapid conversion to the enol form occurs in more alkaline solutions. In 
studies on racemic a-keto-6-methylvaleric acid, Fromageot et al. (8) re- 


ported 0.36 per cent enol at pH 0.97 and no enol at pH 6.1, as measured by 


bromine titration. 


Enzymatic Decarboxylation of d- and l-a-Keto-B-methylvaleric Acids— : 


Both isomers of a-keto-8-methylvaleric acid were completely decarboxyl- 
ated by yeast carboxylase preparations. 
the d isomer was decarboxylated somewhat more slowly than pyruvic 
acid, while the / isomer was metabolized at about one-fourth of the rate ob- 
served for the d-keto acid (Fig. 4). Decarboxylation of d-a-keto-8-methyl- 


valeric acid was about twice as rapid as that of the structural isomers, a- | 


ketoisocaproic and a-keto-n-caproic acids. 
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Fic. 4. Decarboxylation of d- and l-a-keto-8-methylvaleric acids by yeast car- 
boxylase. The flasks contained 0.5 cc. of enzyme, 0.5 cc. of keto acid (10 uM), and 
1 ce. of 0.2 m sodium acetate buffer (pH 4.9); PYR, pyruvic acid. 


A specific procedure for the determination of a-keto-8-methylvaleric acid F 


has not yet been devised. However, yeast carboxylase preparations may 


be conveniently employed for the determination of the d-keto acid inf 


systems in which other a-keto acids are absent or can be determined by 
independent methods. 


negligible amounts of the 2 ,4-dinitrophenylhydrazone are extracted from 
ethyl acetate by 10 per cent sodium carbonate solution. 


5 The initial rates of reduction were 5.03 and 1.89 X 10-* mole reduced per mg 


of enzyme per minute at pH 7.2 and 26° (substrate concentration, 10 um per 3 ce.) 
for the d and I isomers, respectively. The corresponding value for pyruvate wi) 


26,800 X 10-* mole (9). 
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Under the conditions employed, 





Both the d and 1 isomers were reduced at very} 
slow rates by crystalline lactic dehydrogenase and dihydrodiphospho-| 
pyridine nucleotide.’ a-Keto-8-methylvaleric acid yields no color with the} 
Lu pyruvic acid procedure (10) since, under the conditions of this method, f 
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DISCUSSION 


Biochemical investigations of racemic a-keto-8-methylvaleric acid (11) 
and of impure a-keto-6-methylvaleric acid solutions prepared with p-amino 
acid oxidase (12, 13) have been reported. Neuberg and Peterson (11) 
isolated optically active amyl alcohol and a levorotatory acid possessing 
the properties of a-keto-6-methylvaleric acid from a digest of yeast and 
dl-a-keto-8-methylvaleric acid. These findings suggested that the racemic 
acid was asymmetrically attacked by yeast cells. The present results are 
in accord with this interpretation. Bonner et al. (12, 13) reported that 
a-keto-6-methylvaleric acid solutions, prepared by treating pL-isoleucine 
with D-amino acid oxidase, supported growth of a Neurospora mutant, 
although synthetic dl-a-keto-8-methylvaleric acid did not. This finding 
was attributed to a growth-supporting compound present in the enzy- 
matically prepared keto acid solution. The racemic nature of the keto 
acid obtained with p-amino acid oxidase by these workers may be at- 
tributed to the use of alkali. 

It was previously reported that a-keto-6-methylvaleric acid was in- 
active in transamination with glutamine (1) and that both isomers of this 
keto acid were equally effective in activating the aspartic decarboxylase 
of Clostridiwm welchii (14). It has also been found® that both d- and I-a- 
keto-8-methylvaleric acid can replace L-isoleucine in supporting the growth 
of Lactobacillus arabinosus (strain 17-5). It is possible that a biological 
mechanism for the racemization of these keto acids exists, and investiga- 
tions in this direction are in progress. 


SUMMARY 


The preparation of the crystalline sodium salts of d- and l-a-keto-p- 
methylvaleric acids by enzymatic oxidation of the corresponding p-amino 
acids is described. Investigations of the racemization of these keto acids 
in alkaline solution are reported. Both d- and l-a-keto-6-methylvaleric 
acids are completely decarboxylated by yeast carboxylase. The d isomer 
is attacked approximately four times more rapidly than the I isomer. 
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THREONINE AND HOMOSERINE IN EXTRACTS OF A 
METHIONINELESS MUTANT OF NEUROSPORA 
By MARGUERITE FLING anp N. H. HOROWITZ 
(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, December 12, 1950) 


Previous work (1, 2) with methionineless and threonineless mutants of 
Neurospora crassa has indicated the following relationships between the 
biosyntheses of threonine and methionine in this organism. 


rn (B) 
©, Homoserine —> threonine 
i — cystathionine — homocysteine — methionine 
— Cysteine (A) 


Buss (3) has shown that there are at least three genetically different mu- 
tants in the group blocked at Stage A which grow when supplied with 
cystathionine but not when supplied with cysteine. The present work 
started as an attempt to learn more about the conversion of cysteine to 
cystathionine through the use of these mutants. The results of a cross- 
feeding experiment, while giving little evidence for the accumulation of 
intermediates between cysteine and cystathionine, did show that the ex- 
tracts of any of the three mutants supported the growth of a threonineless 
mutant, No. 35423 (blocked at Stage B), and of a homoserineless mutant, 
No. 51504 (blocked at Stage C). The active compounds accumulated by 
strain 9666, one of the mutants at Stage A, have now been identified. The 
presence of threonine in the extracts was indicated by chemical and bio- 
logical assays and was confirmed by chromatography and isolation. The 
second active substance, which is present in smaller amounts, was identified 
as homoserine on the basis of biological activity and chromatography. 
Extracts of wild type Neurospora contain considerably smaller quantities of 
these amino acids. 


Methods and Materials 


The mutants originated as ascospores from crosses of ultraviolet-irradia- 
ted conidiospores to an untreated wild type. The composition of the 
media and the methods for carrying the cultures were as previously de- 
scribed (1, 4). Growth was measured as the dry weight of mycelium pro- 
duced during 72 hours at 25° in 20 ml. of medium in 125 ml. Erlenmeyer 
flasks. 

L- And p-homoserine and their lactone hydrobromides were kindly 
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furnished by Dr. M. D. Armstrong, t-threonine by Dr. R. T. Major of | ag: 





Merck and Company, and p-erythro- and p-threo-a-amino-f, y-dihydroxy- su: 
n-butyric acids and 1l-amino-l-carboxycyclopropane by Dr. C. Niemann, 0.5 
pL-Homoserine and a-keto-n-butyric acid were synthesized in these labora- rur 
tories (2, 5). ; y 
an 

EXPERIMENTAL al 

Isolation of u-Threonine—The methionineless mutant 9666 was grown in | ma 

5 gallon carboys under forced aeration for 6 to 8 days in 16 liters of mini- coll 
mal medium supplemented with 0.4 gm. of pt-methionine. The mycel- gray 


ium (200 to 250 gm. of wet weight per carboy) was harvested in a basket | ider 
head centrifuge and washed well with water. It was then suspended for | cent 
15 minutes in 80 per cent boiling methanol (about 6 liters per kilo of wet | take 
mycelium). The suspension was filtered through cheese-cloth and the of C 
extraction repeated. The combined extracts were concentrated under cent 
reduced pressure and the concentrate was extracted several times with amo 
ether. The extracted aqueous layer was diluted with 5 volumes of 95 per One 
cent ethanol and allowed to stand overnight. The precipitate which | thre 


formed was discarded and the ethanol removed under reduced pressure. y 
The final volume was adjusted to about 350 ml. per kilo of wet mycelium. 
A sample of this extract was used for ascending paper chromatography Re 


by the Williams and Kirby technique (6) with water-saturated phenol as The 
the solvent. The developed chromatograph showed spots corresponding withi 
to aspartic acid, glutamic acid, glycine, threonine, alanine, and methionine Id 
(very faint). The alanine spot was the largest, the threonine spot second 


largest. A chromatograph run on a wild type extract similarly prepared | 
showed the same spots, except that the threonine spot was very faint. ivihie 

The extract was assayed for threonine by the periodate method of Block its gr 
and Bolling (7). The results of three determinations showed 3.5, 4.1, and dine 
4.4 mg. of threonine per ml. of extract. Biological activity of the same ees 
extract, with the use of threonineless mutant 35423 as the assay organism dion 


and with the results computed on the basis of t-threonine, indicated 4.9 we 
mg. per ml., or about 1.5 gm. per kilo of wet mycelium. then ¢ 

Attempts to isolate threonine through the use of solvent fractionation, | all the 
precipitation, and starch column chromatography proved unsuccessful. hians 
The isolation was finally accomplished by chromatography on 200 to 500 | bis thee 
mesh Dowex-50 resin! (Stein and Moore (8)). The resin was prepared | dae | 


according to a procedure suggested by Dr. W. H. Stein (personal communi: | though 
cation). A slurry of the resin in 4 N HCI was filtered slowly on a Biichner require 
funnel. The resin was washed first with 4 N HCl and then with 1 n NaOH f 

until in each case no further color was eluted. It was then washed once iia 


1 Obtained from the Microchemical Specialties Company, Berkeley, California. 
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again with 4 N HCl until the filtrate was salt-free. The resin was then 
suspended in 0.5 Nn HCl, poured into a column, and washed by allowing 
0.5 N HCl to drip through overnight. The resin was regenerated between 
runs by the above procedure. 

25 ml. of the Neurospora extract were made 0.5 N with respect to HCl 
and placed on an 80 X 2.5 cm. column containing 1 pound of Dowex-50 
resin, prepared in the above manner. The column was placed on an auto- 
matic fraction cutter and eluted with 1.5 Nn HCl, 25 ml. fractions being 
collected. Aliquots from the ninhydrin-positive fractions were chromato- 
graphed on paper and the threonine peak, Fractions 26 and 27, thus readily 
identified. The threonine-containing fractions were combined and con- 
centrated under reduced pressure to remove excess HCl. The residue was 
taken up in water and neutralized with Amberlite IR-4B? by the method 
of Cannan (9). The neutral solution was decolorized with norit and con- 
centrated to dryness. The crystalline residue was dissolved in a minimal 
amount of water and precipitated with 2 volumes of absolute ethanol. 
One recrystallization from water-ethanol yielded chromatographically pure 
threonine. The final yield per kilo (wet weight) of mycelium was 750 mg. 


Analysis—C,H,O;N. Calculated. C 40.34, H 7.62, N 11.76 
Found. 6 $0.81, © 7.54, © 11.73 
Rotation, [a]J> = —27.0° + 1.3° (1.5% aqueous solution) 


The biological activity was identical with that of L-threonine (Merck) 
within experimental error. 

Identification of L-Homoserine—Homoserineless mutant 51504 grows when 
supplied homoserine or a mixture of methionine and threonine. Since the 
extract of strain 9666 contains a high concentration of threonine and also 
a small quantity (<0.1 mg. per ml.) of methionine, it was considered that 
its growth-promoting activity for strain 51504 might be due entirely to 
these amino acids. That this is not the case was shown by an experiment 
in which the threonine and methionine in the extract were destroyed by 
allowing 0.1 ml. of extract to stand for 1 hour with 1 ml. of KIO, (satura- 
ted solution in borate buffer at pH 8) and the activity for mutant 51504 


_ then tested. The periodate treatment causes the disappearance of almost 


all the activity, but the original activity is restored upon the addition of 
threonine. This indicated that the original extract contained, in addition 
to threonine, a periodate-stable substance which is converted to methio- 
nine by strain 51504. Homoserine appeared to be excluded, since, al- 
though not attacked by periodate, its activity for strain 51504 does not 
require the simultaneous addition of threonine. Subsequent tests at low 


*Obtained from The Resinous Products and Chemical Company, Philadelphia, 
Pennsylvania. 
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concentrations of homoserine showed, however, that a threshold concen- 
tration exists, below which homoserine is without appreciable activity for 
the mutant unless threonine is also present (Fig. 1). In the latter case, 
good growth is obtained with subthreshold quantities of homoserine. The 
activity of extracts of strain 9666 could thus be accounted for as due to 
their high threonine content plus small amounts of homoserine. That this 
explanation is very probably correct was shown by the following experi- 
ments. 

An aliquot of extract was chromatographed on paper with water-satu- 
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Fic. 1. Growth of homoserineless mutant 51504 on various compounds in the pres- 
ence of 1 mg. of pui-threonine per 20 ml. of medium. X, pui-methionine; O, I- 
homoserine lactone-HBr; VY, pui-homoserine; O, D-homoserine lactone-HBr; @, 
p-threo-y-amino-8, y-dihydroxy-n-butyric acid; A, pu-homoserine without added 
threonine. 


rated phenol as the solvent. After being dried, the paper was placed for 5 


minutes in contact with solid minimal medium supplemented with threo- 


nine and seeded with conidiospores of strain 51504. The plate was} 
incubated overnight and then examined for growth. A zone of growth inf 
the region of the alanine spot was readily discernible. Although alanine f 


travels slightly faster than homoserine in the solvent used, a mixture of the f 
b additi 


two does not separate. 


In an attempt to decrease the threonine content and increase the con : 


tent of the other active substance in the extract, a cross was made betweel 


mutants 9666 and 35423 (the latter being blocked between homoserine ani F 
threonine), and the double mutant isolated. Although the activity of th} 
extract for mutant 51504 did increase, the amount of the active material f 
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calculated as L-homoserine on the basis of biological activity for mutant 
51504, was still low; z.e. about 0.2 gm. per kilo of wet mycelium. 

An extract of the mycelium from two carboys inoculated with the double 
mutant and prepared as in the threonine isolation was placed on two starch 
columns (30 X 8 cm., each containing 1 kilo of starch) and eluted (with 
1:2:1 mixture of butanol-propanol-0.1 Nn HCl) according to the procedures 
of Moore and Stein (10) and Borsook et al. (11). The alanine fractions 
were located and 1.5 liters of subsequent eluate collected from each column. 
Even with these large fractions, not all of the active substance was eluted. 
The active fractions were combined and concentrated, made 0.5 N with 
respect to HCl, and placed on an 80 X 2.5 em. Dowex-50 column which 
was then developed with 1, 1.5, 2, and 2.5 Nn HCl. The changes of solvent 


TaBLeE I 
Growth of Strain 61504 on Active Concentrate and on t-Homoserine 
Dry weight of strain 51504 produced after 72 hours at 25°. 





Supplement per 20 ml. 








Dry weight 
mg 
Oh err wee nuts War Rectan remeber gy meen Gents Mucky et oy 0.0 
E-iig, DL-CHTEORING 2553 nk eels ee ee 2.5 
Pe bs =. (Sp TeNOMOBORINGs «..6:6:2 science gerne 11.5 
| gy es + 167 tO Eneanntaocae tee eee eee 20.5 
1 we + 16 y active concentrate................... 12.0 
oe ee +32y “* “ Ee Te Pere ear 23.0 
0:22 mie: n-honiGeermnes ss « o6-che os cee Lata eee 19.0 
0:2 “* acirvereoncenuraten. «co. veh cle eee eee 12.5 





were made at 8 to 12 hour intervals and 20 ml. fractions were collected. 
The active material was located by bioassay and proved to be in Fractions 
40 to 43 (2 to 2.5 Nn HCl). The two most active fractions were concen- 
trated, freed from HCl with Amberlite, and evaporated to dryness. About 
13 mg. of partially crystalline material were obtained. Attempts to ob- 
tain pure crystals were unsuccessful. Rechromatographing the active 
fractions on another Dowex-50 column did not achieve any further purifi- 
cation. Bioassay results indicated that the most active material was 
about 60 per cent pure (based on L-homoserine). When tested at a higher 
level, the active material, like homoserine, supported growth without the 
addition of threonine (Table I). 

Further evidence for the identity:of the active substance with homo- 
serine was obtained by paper chromatography. Chromatograms run with 
four different solvents showed no separation of the active material from 
homoserine (Fig. 2). In addition, two starch columns (28 X 0.9 cm.), 
both containing the active material plus alanine (as a marker) and one 
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containing, in addition, 0.2 mg. of homoserine, were run. The analysisof | m 
the fractions from these columns is shown in Fig. 3. It can be seen that / th 
added homoserine intensifies the peak associated with the biological ac- un 
tivity. As had been noted in other runs, the recovery of homoserine from | to 
starch columns was poor. Mixtures of the active material and pure ho- | a6! 
moserine have not been run on Dowex-50 columns, but a known mixture an 


of alanine, threonine, and homoserine, run on Dowex-50, showed the order 
of these components in the eluate to be the same as alanine, threonine, 


| 2 3 4 
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AB A B A 8B A B 
Fig. 2. One-dimensional ascending paper chromatograms of (A) the active mate- F 
rial and (B) a mixture of (A) and synthetic homoserine. The solvents used were t fe 
(1) water-n-butanol-glacial acetic acid (1:4:1), (2) water-n-butanol-glacial acetic — 
acid (1:2:1), (8) n-butanol-n-propanol-0.1 n HCl (1:2:1), (4) water-saturated phe- | a 
nol. ‘ 
hom« 


and active material, threonine separating completely from the other two, |?" 
with homoserine and alanine overlapping. 

Attempts to isolate homoserine from partially purified extracts as a | 
derivative (e.g. the benzoyl, phthalyl, ester hydrochloride, metal salt, aro- TI 
matic sulfonate derivatives) were unsuccessful. supp 

Activity of Other Compounds—Two sulfur-free compounds have beet and, 
found which can replace methionine, but not threonine, in the nutrition of F Sence 
strain 51504. These are p-homoserine and #-hydroxy-L-homoserine (0-| “UPP 
threo-e-amino-8,y-dihydroxy-n-butyric acid (12)). Emerson (13) has also hom 
reported on the activity of p-homoserine. In contrast to L-homoserilt addit 
which, except at very low concentrations, replaces both threonine and} Yate 
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methionine, the above substances are ineffective unless supplied along with 
threonine. Their activity is about 0.1 that of L-homoserine or methionine 
under the same conditions (Fig. 1). The following compounds were found 
to be inactive for strain 51504: p-erythro-a-amino-8,7-dihydroxy-n-butyric 
acid, a-keto-n-butyric acid, arabinic acid, 1-amino-1-carboxycyclopropane, 
and glucosamine. 





AN 


a 


| 
| 


| 


N 
anf 4 


60 100 
ML. ps FLUENT 
Fig. 3. Chromatographic separation of alanine, homoserine, and the active ma- 
terial. Solvent, n-butanol-n-propanol-0.1 Nn HCl (1:2:1). Column, 45 X 0.9 em., 
containing 25 gm. of starch. Upper curve, 150 y of pi-alanine and 350 y of active 
material; lower curve, 150 y of pt-alanine, 350 y of active material, and 200 y of pL- 


homoserine. 0.5 ml. fractions were collected. The enclosed areas indicate the ap- 
proximate range of biological activity. 
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DISCUSSION 


The active fraction from extracts of methionineless mutant 9666 will 
support the growth of homoserineless mutant 51504 if threonine is present, 
and, at higher levels, will support the growth of mutant 51504 in the ab- 
sence of threonine. Although several compounds are known which will 
support the growth of strain 51504 in the presence of threonine, only L- 
homoserine will produce normal growth in the absence of threonine. In 
addition, the active material and homoserine are indistinguishable under a 
variety of chromatographic procedures, including such diversified systems 
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as starch with 1:2:1 solvent and Dowex-50 with HCI (cf. Stein and Moore 
(8) p. 189). Thus, although pure homoserine was not isolated, the chro- } 
matographic and biological results provide strong evidence for the presence 
of t-homoserine in extracts of methionineless mutant 9666 and of the double 
mutant 9666-35423. Together with the proof, by isolation, of the presence 
of large amounts of L-threonine in the extracts, these findings support our 
previous conclusions (2) regarding the interrelationships of methionine, 
threonine, and homoserine in Neurospora. 

This is the first known report of the presence of homoserine in a biologi- 
cal system. Binkley (14) suggested, but did not identify, phosphohomo- 
serine as one of the cleavage products of cystathionine in the rat, the other 
product being cysteine (15). Carroll, Stacy, and du Vigneaud (16), in an 
attempt to identify the 4-carbon cleavage product of this reaction, isolated 
a-keto-n-butyric acid (as the 2 ,4-dinitrophenylhydrazone) after incubation [ 19 , 
of cystathionine with a rat liver preparation. They also found that the ll. J 
same enzyme preparation yielded a-keto-n-butyric acid from homoserine. 
Thus, homoserine may be a product of cystathionine cleavage in the rat, 
but the evidence is not yet conclusive. As noted above, we have found 
that a-keto-n-butyric acid cannot replace homoserine for the homoserine- 5 
less mutant of Neurospora. 

The activity of p-homoserine and of 6-hydroxy-L-homoserine as methio- 16. C 
nine precursors for the mutant can be accounted for by assuming conver- 
sion to L-homoserine at a rate which does not permit the L-homoserine 
concentration to exceed the threshold value. If p-homoserine were utilized 
for cystathionine synthesis as such, it would give rise in the organism to 
L-allocystathionine, a substance which is virtually inactive as a methionine 
precursor (1). 
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SUMMARY 


Extracts of a methionineless mutant of Neurospora were found to contain 
two substances, one active for threonineless mutant 35423 and one for homo- 
serineless mutant 51504. The first substance has been isolated and identi- 
fied as L-threonine. Chromatographic and biological evidence indicates 
that the second is t-homoserine. These findings lend strong support to 
previous conclusions, derived from growth studies, concerning the inter- 
relationships of homoserine, threonine, and methionine in metabolism. 
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p-Homoserine and f-hydroxy-t-homoserine were found to support 
o | growth of the homoserineless mutant in the presence of threonine. 
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THE EXTENT OF ARTIFICIAL REDISTRIBUTION OF 
CYTOCHROME c IN RAT LIVER HOMOGENATES 


By HELMUT BEINERT* 


WITH THE TECHNICAL ASSISTANCE OF PRISCILLA MATTHEWS 


(From the United States Air Force School of Aviation Medicine, Randolph Field, Texas) 
(Received for publication, October 30, 1950) 


Schneider, Claude, and Hogeboom (1) and Hogeboom, Schneider, and 
Pallade (2), on the basis of their studies on the distribution of cytochrome 
c in rat liver fractions and on the biological activity of cytochrome c in 
these fractions, considered the possibility that in some cases extensive re- 
distribution of cytochrome c may take place during processing the tissue, 
which would obscure the original pattern of distribution. 

It was thought that the availability of labeled cytochrome c (3, 4) might 
afford an opportunity to obtain a quantitative picture of original and 
secondary distribution of cytochrome c in tissue fractions. If the tissue 
is homogenized in the presence of labeled cytochrome c and fractionated by 
differential centrifugation, it should be possible to calculate the total 
amount of secondarily adsorbed cytochrome from the amount of isotopic 
cytochrome found in the particulate fractions by multiplication with the 
ratio of total cytochrome in the supernatant fluid to isotopic cytochrome 
in the supernatant fluid. Such an evaluation requires the assumption that 
the cytochrome c of the original tissue, which appears in the supernatant 
fluid, is in the same physical state and hence in equilibrium with previously 
isolated cytochrome c which is added to the homogenate. Redistribution 
of cytochrome c, which would not pass through a state of equilibration 
with the free cytochrome released to the medium, would, of course, escape 
detection by the tracer method used here. 


EXPERIMENTAL 


Determination of Cytochrome c—Cytochrome c was determined according 
to the method of Rosenthal and Drabkin (5). Since it became evident 
from recovery experiments with labeled cytochrome that taking the tissue 
extract as an aliquot and calculating the total cytochrome from that in the 
extract may be subject to error, the evaluation of our experiments on dif- 
ferential centrifugation was based only on that portion of cytochrome 
which was actually isolated. For comparison, values are given in Table I 


* Present address, Institute for Enzyme Research, University of Wisconsin, Madi- 
son, Wisconsin. 
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for total cytochrome, calculated according to Rosenthal and Drabkin, 
from aliquot ratios, as well as according to the isotope dilution found.! 

Homogenization, Differential Centrifugation, and Preparation of Tissue for 
Analysis—Rats fasted for 18 hours were decapitated and exsanguinated. 
The liver was removed and placed in cracked ice. A part of the liver was 
frozen for later determination of original cytochrome c and nitrogen and a 
part was homogenized in a Potter-Elvehjem homogenizer with addition of 
10 times its volume of the wanted medium. For each gm. of liver, 41.6 y 
of labeled cytochrome (80.5 ¢.p.m.) in 0.19 ml. of 0.5 per cent NaCl solu- 
tion were added. During homogenization and centrifugation, the temper- 
ature was kept between 0-4°. 

In distilled water of pH 9.5, the scheme of differential centrifugation was 
similar to that of Schneider et al. (1) and Hogeboom et al. (2). The nu- 
clear fraction was sedimented and washed twice at 600 K g. The mito- 
chondria were separated by two centrifugations at 9400 X g and washed 
twice. Microsomes were sedimented at 18,000 X g and washed. Ina 
second experiment the liver homogenate was centrifuged immediately at 
25,000 X g. The fractions obtained were immediately frozen and then 
lyophilized. Nitrogen was determined colorimetrically after digestion (6). 

In isotonic sucrose solution, differential centrifugation was carried out 
essentially according to Schneider and Hogeboom (7), except that the 
centrifugal force for the sedimentation of microsomes was 25,000 X 4g. 
Prolonged dialysis of the fractions obtained against dilute ammonia (8) in 
order to remove sucrose was found to lead to considerable losses of cyto- 
chrome. All samples, except for the supernatant fluid, were therefore well 
decanted, lyophilized, and analyzed for cytochrome; the sucrose pres- 
ent was disregarded. No interference had been observed from moderate 
amounts of sucrose in test runs. The supernatant fraction, however, had 
to be freed of sucrose and was therefore dialyzed in the cold with internal 
stirring for 3 hours against dilute ammonia and then lyophilized. Direct 
determination of nitrogen was not possible in this supernatant fluid, be- 
cause some ammonia was retained in the syrupy residue from lyophiliza- 
tion. 

In isotonic sodium chloride solution, differential centrifugation was car- 
ried out similar to that employed in the schemes of Drabkin (9) and 
Schneider et al. (1). Cells and agglutinated material were sedimented at 


600 X g and washed twice. The nuclear fraction, probably containing | 


further agglutinated material, was sedimented at 1500 X g and washed. 


1 In comparison of the recoveries and the original contents of total cytochrome as 
given in Table I, it should be kept in mind that the total cytochrome of the original 
tissue was calculated only on an aliquot basis, no labeled cytochrome being added to 
the original tissue during analysis. 
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Mitochondria were separated by two centrifugations at 9400 X g and re- 
sedimented after two washings at 9400 X g and at 20,000 X g, respectively. 
Microsomes were separated at 25,000 X g and washed. The supernatant 
fraction was dialyzed in the same way as that described for sucrose and 
then lyophilized. All other fractions were likewise lyophilized. 

Wet ashing, electroplating, and counting of the samples for radioactivity 
measurement were carried out according to standard procedures as de- 
scribed before (4, 10). The probable error in counting was kept below 3 
and 5 per cent, respectively, for all fractions containing more than 10 and 
5 per cent, respectively, of the added radioactivity. A higher error was 
allowed for samples of very low activity. 


RESULTS AND DISCUSSION 


The results are gathered in Table I and may be summarized as follows: 
Distilled water as a medium, even at alkaline pH, leads to an almost com- 
plete redistribution of cytochrome c among the fractions. The finding in 
water homogenates of a high concentration of cytochrome c in or on mito- 
chondria, despite extensive dislocation of cytochrome from its original site, 
isin good agreement with the results of Schneider et al. (1) on the biological 
activity and concentration of cytochrome c in the mitochondrial fractions 
from water and sodium chloride fractionations. Treatment in distilled 
water yields the high value of 4.9 for the ratio of total cytochrome isolated 
from supernatant fluid to isotopic cytochrome isolated from the superna- 
tant fluid. This ratio may be taken as an index of adsorption tendency. 

Since the redistribution of cytochrome in homogenates may be influ- 
enced by prolonged centrifuging and repeated washing, or rather take 
place very rapidly, a homogenate was centrifuged immediately after prep- 
aration at 25,000 X g, and the supernatant liquid was analyzed for cyto- 


_ chrome and radioactivity. A value of 4.2 was obtained in this case for the 


ratio of total cytochrome isolated-to isotopic cytochrome isolated. Com- 
pared to the ratio of 4.9 obtained in the complete fractionation experiment 
above, this would indicate that most of the observed redistribution is es- 
tablished instantaneously. 

In isotonic sucrose solution,? which seems to preserve the mitochondrial 
unit better than other known media, with the exception of hypertonic 


_ suerose (2), there is still 11.5 per cent of the mitochondrial cytochrome 


secondarily adsorbed. It is clearly evident, however, that the mitochon- 
dria are the original and probably exclusive bearers of cytochrome, since 


| all the cytochrome of the nuclear and microsomal fractions is due to ad- 


* Hypertonic sucrose solution was not used because a centrifuge was not available 


| for the separation of a satisfactory supernatant fraction, and in view of the inherent 
| analytical difficulties. 
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TaBLeE I[ 


Distribution in Rat Liver Fractions of Cytochrome c of Original Tissue and Isotopic 
Cytochrome c Added to Medium before Homogenization 





Cytochrome ¢ 

















i‘ : D Total |Total calculated from Actually isolated 
L fract: A 3 
a weight | nitrogen Total aa Adsorbe d of cyt 
Aliquot I isotopic | Endoge- ' rome isolated* 
gaat | gmte | PP | nous stop 
In distilled water (4 gm. liver, differential centrifugation of fractions) 
mg. még. 7 bs i ss J 7 ¥ per cent 
Original liver | 1250 | 131 660 166.5f 
+166. 5 
Nuclei 162 | 13.1 32 173 35 18.5 3.8} 18.5 | 100 
Mitochondria | 267 | 25.4 | 324 348 63.6 | 225 41.1) 204 90.5 
Microsomes 189 | 14.2 86 104.5 | 21.2 55.5 | 11.3] 55.5 | 100 
Supernatant 616 | 62.9] 173 236 48.1 | 128 25 
Recovery 1234 | 115.6 | 615 861.5 {167.9 





In distilled water (2 gm. liver, immediate high 


speed centrifugation) 












































Original liver | 625] 63 291 

+83 83t 
Supernatant 253 | 29.2 70 95.5 | 22.8 50 11.8 

In isotonic sucrose solution (4 gm. liver) 

Original liver 153 530 166.5 

+166.5t 
Nuclei 20.0 73 102 52.6 47 24.2) 54.5 | 100 
Mitochondria 36.0 | 320 343 17.6 | 238 12.2} 27.4] 11.5 
Microsomes 17.0 51.5 54.5 | 23 36 15.1} 34 95 
Supernatant (80)t | 126 168 74.6 96 42.6 
Recovery 73.0 | 570.5 | 667.5 |167.8 

In isotonic sodium chloride solution (6 gm. liver) 

Original liver 216 1090 255T 

+255 
Cells|| 60 475 706 9.6 | 386 Lp | ime EB 3 
Nuclei 13 123 123§ 1.2 87.5 £32|- 236 3 
Mitochondria 17.8 | 100 100§ 1 ee! 75 0 0 0 
Microsomes iW ey 9 9§ 1.0 7.4 1.0) 2.1] 28.5 
Supernatant 86.5 | 368 481 |223 281 130 
Recovery 194.5 | 1075 1419 {235.9 
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TaBLe I—Concluded 


* Amount of isotopic cytochrome isolated and multiplied by the ratio of total 


cytochrome isolated from supernatant to isotopic cytochrome isolated from super- 
natant. 


+ 166.5, 83, and 255 +, respectively, of labeled cytochrome were added to the 
medium before homogenization and have therefore to be accounted for by the re- 
covery. 

t Calculated by difference; see the text. 

§ Calculation from isotope dilution was not feasible in these cases because of the 
negligible admixture of labeled material; therefore the values from aliquot ratios 
are used. Moreover, in the microsome fraction, the small amount of cytochrome 
found makes the value for the percentage adsorbed very uncertain. 


|| The fraction referred to as cells contains largely agglutinated material from 
other fractions. 


sorption. Here, the ratio for the supernatant fraction of total cytochrome 
isolated to isotopic cytochrome isolated is 2.25. 

Isotonic sodium chloride solution is an unsuitable medium for the iso- 
lation of tissue fractions. The separation achieved in the reported ex- 
periment is unsatisfactory, owing probably to extensive agglutination of 
mitochondria. This difficulty, however, does not interfere with the eval- 
uation for the redistribution phenomenon. It is evident that secondary 
adsorption is least in this medium. The mitochondria contain only their 
original cytochrome. Very little adsorption takes place in the fraction 
containing cells and agglutinated material and in the nuclear fraction, 
which certainly overlaps with the former fraction in the present prepara- 
tion. The minor réle of adsorption in this medium accounts for the high 
amount of cytochrome appearing in the supernatant fluid. 

In view of the evident advantages of sucrose and sodium chloride solu- 
tions as to quantitative separation of the fractions in the former and pre- 
vention of adsorption in the latter, the combined medium proposed by 
Cunningham e¢ al. (11), 7.e. sucrose with sodium chloride and phosphate 
buffer, deserves interest. 

It would follow from the reported experiments that extreme caution is 
indicated in the interpretation of analytical data on subcellular fractions. 


SUMMARY 


The distribution of cytochrome ¢ of the original tissue and labeled cyto- 
chrome c, added to the medium before homogenization, was established 
in fractions of rat liver by differential centrifugation in water, isotonic 
sucrose, and sodium chloride solutions. From the amount of isotopic 
cytochrome found in the particulate fractions, and from the percentage of 
that present in the cytochrome which was isolated from the supernatant 
fractions, the extent of secondary distribution of cytochrome c by adsorp- 
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tion is calculated. Redistribution among all fractions is found practically 
complete in distilled water and negligible in sodium chloride solution. In 
isotonic sucrose all the cytochrome of the nuclear and microsomal fractions 
and 10 per cent of that found in mitochondria are due to adsorption. 
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OXIDATIVE PHOSPHORYLATION IN WHOLE HOMOGENATES 
AND IN CELL PARTICLES* 


By VAN R. POTTER, GLORIA G. LYLE, anp WALTER C. SCHNEIDERt 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, January 5, 1951) 


While many current investigations involving oxidative phosphorylation 
are being carried out either with whole homogenates or with crude fractions 
derived therefrom, there are few in which (a) the results have been repor- 
ted relative to the activity of the original homogenate, and (b) the fractions 
have been tested in various combinations. The need for such compari- 
sons was shown in earlier results from this laboratory (1, 2). Although 
rat liver mitochondria contained only 25 per cent. of the nitrogen in the 


| whole homogenate, they contained 45 per cent of the ‘‘oxalacetic acid oxi- 
| dase” activity. The remaining fractions when tested alone contained al- 


most no activity, but when they were added to the mitochondria the activ- 
ity of the whole homogenate was regained. It thus appears that the 
rate-limiting reaction in the mitochondrial preparation was not to be iden- 
tified with the rate-limiting reaction in the whole homogenate or in the 
remaining fractions, and in none of the combinations can the rate-limiting 
reaction be said to be positively identified. The complex of reactions 
that comprise oxidative phosphorylation represents a delicate balance be- 
tween phosphate breakdown and phosphate uptake, and the enzymes in- 
volved in phosphate breakdown could conceivably be present in the non- 
mitochondrial fractions of the cell at levels sufficient to “stimulate” the 
mitochondria to a higher level of oxidative activity. One approach to this 
problem is to assay the whole homogenate and the fractions for individual 
enzymatic components (3-6). Another is to study the balance between 
phosphate uptake and phosphate breakdown in the respective combina- 
tions. The latter method was employed in the present investigation. 


EXPERIMENTAL 


Materials and Methods 


Preparation of Tissues—The tissues were obtained from young, adult, 
male rats weighing between 200 and 300 gm. The animals were obtained 


*This work was aided by a grant from the American Cancer Society on the rec- 


-ommendation of the Committee on Growth of the National Research Council and 


by a grant from the United States Public Health Service. 
} Present address, National Cancer Institute, Bethesda, Maryland. 
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from the Holtzman Rat Company and were maintained on a stock diet of 
mixed grains for 1 to 2 weeks before they were used. The rats were killed 
by decapitation and the tissues were chilled in ice-cold isotonic KCl. The 
tissues were blotted, weighed, and homogenized in cold isotonic KCl when 


whole homogenates only were used, and in isotonic sucrose (8.5 per cent) | 


when cell fractions were isolated. All-glass Potter-Elvehjem homogeniz- 
ers were used in order to avoid metal contamination and to maintain nuclej 
and mitochondria as intact as possible. 

Differential Centrifugation—When the homogenates were separated into 
various fractions, the procedure was carried out as before (1), except that 


the submicroscopic particles were not separated from the “soluble” pro- | 


tein, the final washing was carried out with isotonic KCl, and the particu- 
late fractions were resuspended in a volume of isotonic KCl equal to one- 
half or one-fourth of the original homogenate. The supernatant fraction 
from the mitochondria was found to be inactive (oxygen uptake) in the 
absence of mitochondria in the earlier study (2) and this fraction was there- 
fore discarded in the present experiment. 

Measurement of Oxalacetic Oxidase Activity—Measurements of enzyme 
activity were carried out under the conditions described by Potter et al. 
(7) with occasional slight deviations. In all cases 1.5 ml. of a stock solu- 


tion similar to that described earlier (7) were added to each flask to give a | 


final concentration of 0.067 m KCl, 3.3 X 10-? m MgCh, 6.6 X 107 
potassium phosphate, and 1.3 X 10-> m cytochrome c at pH 7.0. Other 
properties of the system and precautions as to speed and cold, proper tonic- 
ity, use of alkaline KCl, and partially neutralized oxalacetic acid have been 
noted in earlier publications (7, 8). In the experiments with isolated nv- 
clei and mitochondria, the adenosinetriphosphate (ATP) was increased 
from 0.3 to 0.5 ml. of 0.01 m solution per flask, and the substrate consisted 
of 0.2 ml. of 0.027 m oxalacetate plus 0.3 ml. of 0.05 m pyruvate in order to 
compensate for any possible loss of oxalacetic decarboxylase from these 


preparations during the differential centrifugation. This oxidative reac- | 


tion is the resultant of a number of components which probably include 
phosphate as well as acetyl acceptor and donor systems, and the rate 
limiting step among these components probably varies from one tissue to 
another and from one cell fraction to another. To gain further informa- 
tion on these points a number of analyses were carried out. 


Analytical Methods—Protein-free filtrates were prepared by adding 2.) 
ml. of cold 17.5 per cent trichloroacetic acid per Warburg flask to gives) 
final volume of 5.0 ml. and a trichloroacetic acid concentration of 7 pe 
cent. The flasks were removed from the manometers at various interval) 
of time and placed in an ice bath immediately before adding the acid (9)./ 
The analytical methods were as follows: inorganic phosphate (10), citrit) 
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acid ((11), ef. (7)), keto acids ((12), ef. (7)), and ammonia (13).! Nucleic 
acids were not determined in the cell fractions, since the procedure for 
preparing the fractions was the same as in the earlier work (2) in which the 
nucleic acids were determined. 

Reagents—Oxalacetic acid was prepared by Dr. C. Heidelberger using an 
improved method of synthesis (14). Pyruvic acid was redistilled in vacuo, 
maintained as a 1 n solution in the cold, and neutralized with K,CO; be- 
fore use. ATP was prepared from rabbit muscle under the direction of 


Dr. G. A. LePage. Cytochrome was prepared from beef heart according 
to the method of Keilin and Hartree (15). 


Results 


Experiments on the relative oxidative capacities of mitochondria and mi- 
tochondria plus nuclei relative to whole homogenates were reported by 
Schneider and Potter (2). Similar experiments have now been carried out 
with simultaneous measurements of inorganic phosphate, keto acids, am- 
monia, and citrate, on kidney and liver homogenates and cell fractions 
(Figs. 1 to 3). The flasks were taken for analyses at time intervals that 
were established in preliminary experiments to obtain the inflection points 
on the curves. An attempt was made to use amounts of homogenate and 
particle suspensions that would be matched in terms of oxidative capacity, 
in order to see how the phosphorylating, dephosphorylating, and deamin- 
ating mechanisms would compare in the various fractions relative to oxy- 
gen consumption. Each curve is the average of two experiments in which 
the preparations had very similar rates of oxygen uptake. The cell frac- 
tions were always prepared from portions of the whole homogenates with 
which they were compared. 

In a previous study (8) on phosphate balance in this system in whole 
homogenates of kidney, three phases were noted in the phosphate curve. 
After an initial output of phosphate (Phase I) there was a period of phos- 
phate uptake (Phase II) coinciding with the period of maximum oxygen 
uptake, followed by an output of inorganic phosphate (Phase III) which 
was correlated with a decline in the rate of oxidation. Phase I ends after 
about 10 minutes and hence is not shown in Figs. 1 to 3. 

In Fig. 1 kidney mitochondria are compared with whole homogenates. 
Since the mitochondria had only about one-third as much oxidative activity 
as the whole homogenate from which they were derived, they were used in 
3-fold concentration. The two preparations were thus closely matched 
with respect to initial rate of oxygen uptake. It must be emphasized that, 


‘We are greatly indebted to Dr. John W. Harman and Dr. Jean H. Webster of 


the Department of Pathology for making preliminary determinations and for the 
advice on the use of this procedure. 
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while the mitochondria in the homogenate were operating at the maximum 
potential rate that it has been possible to obtain experimentally, the mito- 
chondria operating by themselves were not taking up oxygen at their full 
capacity, as elicited by the addition of fractions incapable of oxidation. 
With this in mind, the phosphate and ammonia balances may be consid- 
ered. The striking differences between the whole homogenate and the 
mitochondria show clearly that the homogenate contains a great prepon- 
derance of the enzymes responsible for phosphate breakdown and deamin- 
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Fic. 1. Kidney mitochondria compared with whole homogenates of kidney, in 
terms of oxygen uptake and keto acid, citrate, phosphate, and ammonia levels dur- 
ing a 4 hour incubation. Conditions as in the text, with a mixture of oxalacetate 
and pyruvate as substrate. The amount of mitochondria was equivalent to 90 mg. 
of kidney, while that of whole homogenate was equivalent to 30 mg. of kidney. The 
amounts were chosen on the basis of previous experiments so as to give approxi- 
mately the same initial rates of oxygen uptake. The curves are the averages from 
two experiments with different preparations, each carried out in duplicate. In this 
and in Figs. 2 and 3 the amount of keto acid that disappeared is plotted, and the 
initial amount of keto acid was 20.3 um per flask. 


ation in comparison with the mitochondria, even though the mitochondria 
were equivalent to 3 times as much homogenate. In the case of the whole 
homogenate, the period of phosphate uptake (Phase II) was too brief to be 
seen, and between 30 minutes and 2 hours the added ATP had been almost 
completely dephosphorylated and deaminated (Phase II). During this 
period, the rate of oxygen uptake showed a transient increase in rate, fol- 
lowed by a rapid decay that cannot be ascribed to lack of substrate. In 
contrast, the mitochondria entered Phase II at once and maintained 4 
lowered level of inorganic phosphate for 2 hours, at which time Phase III 
began, although the rate of phosphate output was slower than in the case 
of the whole homogenate and no ammonia was liberated. There was no 
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transient increase in the rate of oxygen uptake and there is a strong infer- 
ence that the rate of oxygen uptake by the mitochondria may have been 
limited by the availability of phosphate acceptors: the low level of inor- 
ganic phosphate attained was approximately 10 uM less than the plateau 
level attained in the case of the whole homogenate, and this difference is 
stoichiometrically in agreement with the fact that 5 um of ATP were added. 
The ammonia found is also close to 5 um. In earlier unpublished studies 
by Potter and Lyle a close analysis of the rates of ammonia and phosphate 
output showed that the ammonia was not liberated until phosphate had 
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Fic. 2. Liver mitochondria compared with whole homogenates of liver in terms 
of oxygen uptake and keto acid, citrate, phosphate, and ammonia levels during a 
4 hour incubation period. Conditions as in the text, with a mixture of oxalacetate 
and pyruvate as substrate. The amount of mitochondria was equivalent to 200 mg. 


| of liver, and that of whole homogenate was equivalent to 50 mg. of liver. 


been split off, and the data in Fig. 1 show clearly that the two processes 
are separable. It can be concluded that the mitochondria are relatively 
free from adenylic deaminase activity. 

In Fig. 2 data from liver mitochondria are compared with whole homog- 
enates of liver, in experiments that were identical in pattern to the experi- 


_ ments with kidney. The phosphate breakdown in the mitochondria from 


liver was almost as great as in the whole homogenate, in contrast to the re- 
sults with kidney, but the data on ammonia output agree with the findings 
with kidney. Thus the liver mitochondria appear to lack the deaminase 


_ activity that is so evident in the whole homogenate of liver. 


Finally, a comparison was made between kidney mitochondria and a 1:1 
mixture (cell basis; 7.e., ratio in the original tissue) of mitochondria and 


nuclei (Fig. 3). This experiment is highly relevant to studies reported in 
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current literature, since the various “‘washed residues” that are used are in Tl 

reality a mixture of nuclei and mitochondria, although there is no assur- | mixt 

ance in some cases that a 1:1 mixture was employed. It is important to : enat 

recall (2) that the nuclei are very low in oxygen uptake activity by them- | conc 

selves. Thus the fact that the 1:1 mixture of nuclei and mitochondria has | supe 

an oxidative activity equal to that of twice as much mitochondria alone miné 
must mean that a rate-limiting reaction in the pure mitochondria causes 
them to exhibit only 50 per cent as much activity as they are capable of 
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Fic. 3. Kidney mitochondria compared with a mixture of mitochondria and nuclei } °°! 


from kidney, in terms of oxygen uptake and keto acid, inorganic phosphate, and dria ; 
ammonia levels during a 6 hour incubation period. Conditions as in the text, with eniza 
a mixture of oxalacetate and pyruvate as substrate. The amount of mitochondria the ii 
was equivalent to 90 mg. of fresh kidney, and the mixture consisted of mitochondria 


equivalent to 45 mg. of fresh kidney plus nuclei equivalent to the same amount of “ 
fresh kidney. The nuclei alone gave negligible rates of oxygen uptake in earlier | MFC 
experiments (2). becat 

» — break 
showing when in the presence of a nuclear concentrate equivalent to the | take 
amount of nuclei the mitochondria accompany in the original tissue. Since Th 


the nuclei probably contain only 0 to 10 per cent of the oxidative compo- | (|, 2 
nents of the cell (3-6), their capacity for stimulating mitochondria proba- | origir 
bly should not be attributed to oxidative enzymes. Fig. 3 shows that the | for 
balance between phosphate uptake and phosphate output was in the direc- | sarily 
tion of greater phosphate output when the nuclei were present, and agail phate 
there is a suggestion that the rate of oxidation in the mitochondria may | _ js re]; 
have been limited by the availability of phosphate acceptors, and that any | of wh 
factor which would increase the breakdown of ATP would, within limits, | by ot 
increase the rate of oxidation in the mitochondria. Th 
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in : The data in Fig. 3 also show that the output of ammonia was slow in the 


mixture of mitochondria and nuclei, in comparison with the whole homog- 
enate (Fig. 1), but somewhat faster than in mitochondria. It may be 
concluded that the bulk of the deaminase, by elimination, must be in the 
supernatant fraction. Further studies have not been carried out to deter- 
mine whether the microsomes or the soluble fraction carries the activity. 


DISCUSSION 


The rate at which mitochondria could perform the oxidations of the 
Krebs cycle was doubled by the addition of an equivalent amount (cell 
basis) of nuclei, which by themselves were almost inactive. Although sim- 
ilar results can be obtained with the supernatant enzymes, nuclei were 
employed because they contain relatively small amounts of the oxidative 
components and are relatively high in phosphatase activity. It was shown 
that in the presence of nuclei there was an increased rate of phosphate 
breakdown. 

While the finding of oxidative components in microsomes and super- 
natant fractions (8-6) might suggest that the mitochondria alone are de- 
ficient in a cytochrome reductase or a dehydrogenase, the present study 
suggests that the nuclei might stimulate mitochondria simply by increasing 
the rate of phosphate turnover. This explanation implies that the uptake 
of phosphate is an obligatory component of the oxidative mechanism here 
ynder study, and that the availability of either phosphate or phosphate 
acceptors can therefore limit the oxidative rate in the isolated mitochon- 
dria and in the intact cell. The disorganization that occurs during homog- 
enization must result in contacts between enzymes that are segregated in 
the intact cell, in which phosphatase action is presumably regulated. It 
appears that the isolated mitochondria represent a step in the direction of 
more physiological conditions than are found in the whole homogenate 
because of the segregation once’ more established. In other words the 
breakdown of high energy phosphate may be rate-limiting for oxygen up- 
take in the mitochondria and in the slice but not in the whole homogenate. 

The ratio of nuclei to mitochondria in the present and previous studies 
(1, 2) has been arbitrarily that found in the whole homogenate (or in the 
original cell), but it may be anticipated that the amount of nuclei required 
for optimum stimulation (in the absence of other fractions) may not neces- 
sarily coincide with that found in vivo and that excessive amounts of phos- 
phatase would be inhibitory. Whether the stimulatory effect of the nuclei 
is related to their phosphatase content remains to be seen, but the question 
of whether mitochondria can be stimulated by phosphatases can be tested 
by other approaches, which are being tried. 

The fact that the mitochondria can be stimulated by the nuclei raises the 
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question as to whether the stimulation produced by the microsomes and 
supernatant fractions is due to their phosphatases or to their oxidative 
components, since they contain both. It is recognized that both types of 





enzymes might be required to attain the activity seen in the whole ho- 
mogenate. 

The present study clearly shows that the supernatant from the mito- 
chondria contains an active adenylic deaminase, and in these reaction sys- 
tems such activity can at present be regarded as only detrimental, as it 
constitutes a “leak” from the phosphate shuttle system (adenylic acid- 
adenosinediphosphate-adenosinetriphosphate). No evidence for a ream- 
ination of this system has been obtained in these reaction mixtures. 

The occurrence of at least one ‘“‘detrimental’”’ enzyme in the supernatant 
fraction of the homogenate raises the question of whether the whole homog- 
enate represents the fullest activity of which the mitochondria are capable, 
and one must ask whether mitochondria in the presence of the appropriate 
supplementary enzymes, but with “detrimental”? enzymes absent, might 
not surpass the activity seen in the whole homogenate. It would appear 
that certain advantages might be gained by using appropriate combina- 
tions of nuclei and mitochondria, but the study of such mixtures in un- 
known ratios (e.g. as in many ‘‘washed residues’’) appears to be unneces- 
sarily obscure, and there is no good reason for not using preparations in 
which the ratio is either that of the original cells or is specified. 


SUMMARY 


1. The oxidation of a mixture of oxalacetate and pyruvate was studied 
in whole homogenates of rat kidney and liver, in purified mitochondria, 
and in mixtures of mitochondria and nuclei, in the presence of adenosine- 
triphosphate, magnesium ions, potassium chloride, phosphate, and cyto- 
chrome c. 

2. In addition to measurements of oxygen uptake, the rate of keto acid 
disappearance and ammonia appearance was followed at intervals for as 
much as 6 hours, and the level of inorganic phosphate was also reported. 

3. When mitochondria alone were studied, the dephosphorylation oi 
ATP was delayed, and, when it did occur, no ammonia was split off the 
product. 

4. When whole homogenates were studied, phosphate output occurred 
earlier and was followed by ammonia production equivalent to the ATP 
added. The initial oxygen uptake was 3 to 4 times greater than with an 
equivalent amount of mitochondria. 

5. When nuclei were combined with mitochondria in equivalent amounts 
(cell basis), the phosphate output occurred earlier than with mitochondria 
alone and was accompanied by only a very slow ammonia output. The 
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oxidative rate was doubled relative to mitochondria, although the oxida- 
tive rate for nuclei had been shown to be very low. The mechanism of the 
stimulation was discussed in terms of phosphate breakdown. 
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ELECTROPHORETIC STUDIES OF THE SOLUBLE PROTEINS 
OF RABBIT LIVER* 
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Madison, Wisconsin) 
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Because of the difficulties involved in working with complex protein sys- 
tems, relatively few detailed studies (1-8) have been reported dealing with 
the physicochemical properties of the proteins of liver extracts. In the 
present paper, conditions are described which yield reproducible electro- 
phoretic analyses of the soluble proteins of rabbit liver. In addition, some 
factors involved in the instability of the electrophoretic components are 
reported. A detailed account of these findings has been recorded (9). 


Methods 


Rabbits weighing between 3 and 6 kilos and fed a commercial pellet 
ration ad libitum were anesthetized by intravenous administration of so- 
dium pentobarbital.!. Further procedures were performed in a cold room 
maintained at 4°. The liver was perfused in situ (10), rinsed, the same 
isotonic buffer as employed for homogenization being used in both oper- 
ations, and then blotted with filter paper. The organ, freed of its gall- 
bladder, was homogenized for 2 minutes in a Waring blendor in a volume 
of sodium phosphate buffer, 0.1 m phosphate,? pH 7.8, equal to twice the 
weight of the liver. The suspension at pH 7.4 to 7.5 was immediately 
centrifuged in a Sorvall centrifuge, model SS-1, at 15,000 X g for 15 to 30 
minutes in order to remove the major portion of the insoluble proteins. 
Centrifugation of the resultant supernatant fluid at 15,000 X g for 6 to 8 
hours, or, in several instances, at 45,000 to 50,000 X g for 1 hour, yielded 
a clear, amber supernatant fluid at pH 7.0 to 7.4. The refrigerated Spinco 
ultracentrifuge (with a 26° angle rotor) was used at the higher speeds. 
The temperature of the fluid after centrifugation at intermediate speed 


was between 10-20°, whereas that after ultracentrifugation was between 
5-10°. 


* Aided in part by research grants from the Wisconsin Alumni Research Founda- 
tion, and the National Cancer Institute of the National Institutes of Health, United 
States Public Health Service. 

} Present address, National Cancer Institute, Bethesda, Maryland. 

‘Other methods of sacrificing (decapitation, air embolism), and the use of va- 
rious strains of rabbits of either sex, yielded the same electrophoretic results. 

? All solutions in the range, pH 7.0 to 7.8, refer to sodium phosphate buffer, 0.1 
phosphate; those at pH 8.6 refer to veronal buffer, 0.1 u. 
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An 11 to 12 ml. aliquot was immediately dialyzed anaerobically against 
1 liter of veronal buffer? at pH 8.6, 0.1 », for 5 to 10 hours, followed by 
dialysis against 2 liters of fresh buffer for a total of 15 to 20 hours for both 
dialyses. (The pH of the protein solution reached 8.6 in about 11 hours.) 


Dialysis under nitrogen was accomplished by tying the bag of viscose tub- 
ing containing the protein solution without any air bubble to a gas inlet | 


tube, and setting it into an Erlenmeyer flask containing the dialyzing fluid 
and a plastic-coated magnet. The top was stoppered and sealed with par- 
affin, allowing a small air space above the liquid for displacement by nitro- 


gen. “High purity” nitrogen (99.99 per cent)* was flushed through the | 


outside fluid for 15 minutes at a rate of about 250 ml. per minute while 


the magnet rotated rapidly directly below the opening of the gas inlet | 
tube. A stoppered Erlenmeyer flask, fitted with gas inlet and outlet tubes J 


and containing water, was attached beyond the dialysis flask to receive 
any excess dialyzing fluid and to act as a temporary liquid seal of the gas 
in the outlet tube of the dialysis flask. After being flushed, the system 
was equilibrated to atmospheric pressure through the tubing leading to the 
gas inlet tube and both tubes were then clamped. In those occasional 


instances when a small amount of insoluble matter appeared during the [ 
dialysis, centrifugation for a few minutes at a moderate speed sufficed to F 


clarify the supernatant fluid. 
Electrophoresis at a potential gradient of 6.0 to 6.1 volts per cm. for 
180.00 minutes was then carried out with an 11 ml. cell and the optical 


system of Longsworth (11) with a tungsten filament lamp. By using the 
descending patterns exclusively, mobilities were calculated from the start- | 
ing boundaries, and areas were determined by the method of Pedersen} ~ 


(12). 


catalyst. Dry weights were obtained by evaporating solutions to a paste, 
followed by heating at 100—110° for 2 hours. 


Results 


From the data of ten analyses, the concentration of the total nitrogen 0 | 


the supernatant fluid was 71 + 8 per cent that of the homogenate. After 
dialysis at pH 7.2, the value was 67 + 8 per cent. The dry weight cot 


centration of the supernatant fluid was 42 + 5 per cent that of the homog) 


3 The sensitivity of the g component of rabbit liver supernatant fluid (describe! 
later) at pH 8.6 is so great that “high purity” Linde nitrogen has permitted a cor 
siderably greater degree of stabilization than the Linde standard commercial grade 
tank nitrogen (99.7 per cent No; 0.3 per cent Oz). Comparison of the analyses 


the two gases implicates oxygen as the causative agent of the g component shill 7 
The analyses of the gases were obtained from the Linde Air Products Compalj 


Milwaukee. 


Nitrogen was determined by the micro-Kjeldahl method with selenium 
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enate. The dialyzed supernatant fluids, as used directly for electrophor- 
eses, were 3.0 to 4.0 per cent with respect to protein (N X 6.25) and solids. 

The electrophoretic pattern in Fig. 1 is representative of the results ob- 
tained with rabbit liver. The descending mobilities and areas of the ar- 
bitrarily labeled components, together with their standard deviations as 

















peor 
Fia. 1 


Fig. 2 
. Representative tracing of the electrophoretic diagrams of rabbit liver 
supernatant fluid in veronal buffer, pH 8.6, 0.1 u, after 180 minutes at 6.0 to 6.1 volts 


Fig. 1 


per cm. 

Fie. 2. Comparison of the aerobic storage of rabbit liver supernatant fluid at 
pH 7.2 with that at pH 8.6. Solid line, veronal, N2 for 15 hours; dash line, pH 7.2, 
air for 6 days, then veronal, N» for 13 hours; dotted line, pH 8.6, air for 6 days, then 
veronal, Ne for 15 hours. 











TaBLe [ 
Electrophoretic Analyses of Fourteen Liver Supernatant Fluids from Fourteen Rabbits 
Component t he hn g b a2 a A 
Mobility*. +0.71 | —0.66 | —1.30 | —2.17 | —3.21 | —4.62 | —5.89 | —7.07 
S.d.f........| 0.16 | 40.17 | 40.25 | 40.22 | +0.22 | 40.16 | 40.16 | 40.27 
Areas, %....| 3.1 11.9 5.4 | 16.4 19.1 32.1 9.5 2.5 
21S eee } 1.0 | +1.5 | 41.5 | 42.7 | 42.6 | 44.2 | 42.2 | +0.7 


t{S.d. = 


B Table I. 
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* Values have been multiplied by 105 cm.? per volt per second. 


Stability Studies—The stability of the proteins of the supernatant fluid 
| Was investigated with 11 to 12 ml. aliquots, preserved in the frozen state 
at —15° to —20° until used in the subsequent storage experiments. 
these, the environment of each protein solution was held constant by di- 
a | alysis against a 1 liter volume of the particular experimental (e.g., gluta- 
thione) or control medium. Jn all cases, this was followed by anaerobic 
: lialysis against veronal buffer before electrophoresis. 


In 
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Component g—With air as the gas phase, there is an increase in the de. 


scending negative mobility of the g component at pH 8.6, so that it mi. | 


grates between the b and a, components. This increase in mobility has 


been noted to occur after only a few hours at pH 8.6 and after a few days | 
at pH 7.2. Individual preparations differ in the extent of the lability of | 
the g component. The relative extent of the g component shifts induced | 
by aerobic storages at pH 7.2 and 8.6 for 6 days is compared in Fig. 2, 
From other experiments, it can be predicted that, given more time, the | 
shift at pH 7.2 would resemble that shown for pH 8.6. The mobility of 

the g component of the freshly examined aliquot was —2.00 X 10-5 em: | 


*per volt per second, that of the shifted g component —3.4 X 10-5 cm? per 
volt per second. This increase is 6.4 times greater than the standard de- 











Fia. 3 Fig. 4 


Fic. 3. The prevention of the g component shift for 6 days at pH 7.2 by anaerobic | 


conditions. For an explanation of the solid and dash lines, see legend for Fig. 2; 
dotted line, pH 7.2, Nz for 6 days, then veronal, N» for 15 hours. 

Fia. 4. The stabilizing effect of the anaerobic storage of rabbit liver supernatant 
fluid at pH 8.6 in the presence of glutathione. Solid line, veronal, Nz for 20 hours; 
dash line, veronal, Nz for 87 hours; dotted line, veronal + 0.01 m glutathione, }; 
for 74.5 hours, then veronal, N2 for 17 hours (total of 91.5 hours at pH 8.6). 


viation of the mobility of the original g component (Table I). About one- 
half of the original g component, or about 5.5 per cent of the total proteins 
of liver, was involved in this transformation. 

The shift of the g component may be prevented at pH 7.2 for at least 
days by an anaerobic environment. To insure a stable g component at 
pH 8.6 for more than 20 hours and at least up to 92 hours, the presence of 
a sulfhydryl compound is also required. However, one preparation mait- 
tained its stability at pH 8.6 in the absence of mercaptans for 75 hours 


The prevention of the g component shift at pH 7.2 by the removal of ait) 
is shown in Fig. 3, while the effect at pH 8.6 of glutathione is shown inf 


Fig. 4. Cysteine has been equally effective at the latter pH. 


reversed at the same pH by the anaerobic dialysis against 0.03 m solutions 
of any of the three mercaptans, glutathione, cysteine, or thioglycolate. ln 


a few experiments, 0.01 m concentration has been effective. Successful 
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reversal experiments have been performed five times with glutathione, 
three times with cysteine, and once with fresh thioglycolate. Ascorbate 
was ineffective in two trials. Electrophoretic tracings of a reversal experi- 
ment with glutathione are presented in Fig. 5. 

In three experiments, oxidized glutathione’ at pH 7.2 has anaerobically 
induced the g component shift. In each case, this has been reversed at 
the same pH by an equivalent amount of reduced glutathione. The results 
of such an experiment are shown in Fig. 6. 

Component az—If rabbit liver supernatant fluid is dialyzed for more than 











Fie. 5 Fia. 6 

Fic. 5. The glutathione-induced reversal of the aerobically induced g component 
shift, at pH 7.2. Solid line, veronal, N2 for 15 hours; dash line, pH 7.2, air for 6 
days, then veronal, Ne for 21.5 hours; dotted line, pH 7.2, air for 6 days, then phos- 
phate buffer + 0.03 m glutathione, pH 7.2, N2 for 2 days, and then veronal, N2 for 
16.5 hours. 

Fic. 6. The anaerobically induced g component shift by oxidized glutathione and 
its anaerobic reversal by reduced glutathione. All aliquots were dialyzed against 
phosphate buffer + 0.03 m cysteine, pH 7.2, Ne for 2 days, then all were twice dia- 
lyzed against phosphate buffer, pH 7.2, N2 for a total of 1 day. Then, solid line, 
veronal, Ne for 13.5 hours; dash line, g component shift, phosphate buffer + 0.015 
am oxidized glutathione, pH 7.2, Nz for 1 day, and then veronal, Ne for 16 hours: 
dotted line, reversal, phosphate buffer + 0.015 m oxidized glutathione, pH 7.2, Ne 


for 1 day, phosphate buffer + 0.03 m glutathione, pH 7.2, N: for 2 days; then veronal, 
N2 for 16 hours. 


24 hours at pH 8.6, aerobically or anaerobically, or for longer than approxi- 
mately 4 days at pH 7.2, aerobically and to a lesser extent anaerobically, 
the area of component a2 increases (Fig. 2). This enlargement is often in 
part at the expense of other components, including the e boundary. How- 
ever, occasionally, it appeared that an enlargement of component ay re- 
sulted in an increase of the total area of the pattern, despite correction 
for any volume changes resulting from dialysis. Early findings (7) sug- 
gested a specific requirement of glutathione for the reversal of the increase 
in the a2 component, but further investigations indicated that this is 
equivocal (9). 


‘Prepared by aeration of reduced glutathione at pH 7.2 until the nitroprusside 
reaction was negative. 
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DISCUSSION 


Our more recent investigations’ have established that homogenization 
in the Waring blendor yields additional soluble proteins not obtained with 
the Potter-Elvehjem homogenizer (13). The source of these additional 
soluble proteins was traced to the mitochondria. 

It is noteworthy that, of the soluble proteins in the preparations studied, 
97.5 per cent migrate with mobilities other than that of rabbit serum al- 
bumin. Electrophoretic analyses (9) of five rabbit sera demonstrated that 


rabbit serum albumin migrates with a mobility of —7.51 + 0.46 X 10° | 


cm.? per volt per second. At most, therefore, serum albumin may consti- 
tute 2.5 per cent of the soluble liver proteins as prepared in this study. 
The following evidence indicates that the reversible shift of the g compo- 
nent is due to a reversible oxidation-reduction reaction of certain sulfhydryl 
groups on the proteins of the g component: (a) the increased sensitivity to 
molecular oxygen at higher pH parallels the similar pH dependence of the 
autoxidation of available sulfhydryl groups to disulfide groups, as cata- 
lyzed by certain metallic ions, e.g. cupric ion (14-16); (6) the reversal of 
the aerobic shift appears to be dependent on the presence of sulfhydry! 
groups; (c) oxidized glutathione anaerobically induces the shift which can 


then be anaerobically reversed by glutathione. This effect parallels the [ 


group specific ability of disulfide substances to oxidize available sulfhydryl 
groups to disulfide groups (17, 18). However, conclusive proof for the 
implication of available protein sulfhydryl groups in a reversible oxidation- 
reduction reaction will have to await further study. 


SUMMARY 


1. Conditions have been established which yield reproducible electro- 
phoretic analysis of the soluble proteins of rabbit liver. 

2. These soluble proteins contain an electrophoretic component (j), 
whose negative mobility in veronal buffer, 0.1 », pH 8.6, increases in the 
presence of molecular oxygen. At pH 7.2, anaerobic conditions will pre- 
vent this transformation for at least 1 week. However, storage at pH 8.4 
for more than 20 hours also requires sulfhydryl compounds for maximum 
stability. 

3. The anaerobic application of cysteine, glutathione, or thioglycolate 
is capable of reversing the aerobically induced transformation. Further- 
more, the anaerobic administration of oxidized glutathione can simulate 
this oxygen-induced shift of mobility, and reduced glutathione can revers 
it. 

4. Evidence that the reaction mechanism of the g component shift iss 


5 Unpublished studies from this laboratory. 
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reversible oxidation-reduction reaction of available sulfhydryl groups of 
the proteins of the g component is discussed. 


—_ 
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Con oe ww 


15. 
. Lyman, C. M., and Barron, E.S. G., J. Biol. Chem., 121, 275 (1937). 
It. 
18. 
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ELECTROPHORETIC AND ULTRACENTRIFUGAL STUDIES OF 
SOLUBLE PROTEINS OF RAT LIVER* 


By SAM SOROF{ anp PHILIP P. COHEN 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, December 13, 1950) 


In a previous study, the electrophoretic properties of the soluble pro- 
teins of rabbit liver were reported (1). Because of the greater suitability 
of the rat for experimental purposes, conditions were established for the 
electrophoretic and ultracentrifugal analyses of the soluble proteins of rat 
liver. 


Methods 


Essentially the methods previously described (1) were employed with 
the following modifications. 

Male rats (Sprague-Dawley strain), fed Purina dog chow ad libitum and 
weighing between 120 and 440 gm., were etherized. Following perfusion in 
situ (2), the liver was removed and homogenized with a lucite Potter- 
Elvehjem type homogenizer! (3, 2). In some experiments to be indicated, 
a Waring blendor was used. (Tissues prepared by the Potter-Elvehjem 
procedure will be referred to as pestle-homogenized, and those with the 
Waring blendor as blade-homogenized.) After centrifugation at 15,000 
x g for 15 minutes, the resultant supernatant fluid was separated and 
again centrifuged at this force for 2 to 4 hours. Any remaining turbidity 
in the second supernatant fluid was removed by an additional centrifuga- 
tion for 15 to 380 minutes. The temperature of the final solution was 
approximately 10°. An 11 to 12 ml. aliquot was then twice dialyzed an- 
aerobically against veronal buffer, pH 8.6, 0.1 u, for a total of 15 to 25 
hours, followed by electrophoresis shortly thereafter. 

For ultracentrifugal analysis, a 2 to 3 ml. aliquot of the fresh super- 
natant fluid, prepared from two pooled livers, was dialyzed anaerobically 
for 15 to 25 hours against 1 liter of 0.15 m NaCl solution containing 0.01 
‘sodium phosphate at pH 7.4. The resultant solution, which attained a 


* Aided in part by research grants from the Wisconsin Alumni Research Founda- 
tion, and the National Cancer Institute of the National Institutes of Health, United 


' States Public Health Service. 


+ Present address, National Cancer Institute, Bethesda, Maryland. 

‘The authors are indebted to Dr. J. A. Miller and Dr. E. C. Miller, of the Mc- 
\rdle Memorial Laboratory, for their suggestions in the construction of the pestle 
homogenizer. 
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pH of 7.2 to 7.3, was brought to room temperature and analyzed in a 
Spinco ultracentrifuge? at 59,780 r.p.m. with a 12 mm. cell. By the use 
of refrigeration from the start of acceleration to the start of deceleration, 
the rotor temperature at the end of the run (120 minutes) was usually 
held to within +0.5° of the initial value. Areas above cell base-lines were 
referred to the meniscus (4) and a common magnification factor, with 


area, tan 
ees es are 
areas tan 62 


which results from the formula (5) of the cylindrical lens schlieren optical 
system. (@ = 90 — Spinco bar angle.) 


Non-protein nitrogen was determined by mixing 1 volume of sample and | 
5 volumes of 10 per cent trichloroacetic acid, centrifuging at moderate | 


speeds for a few minutes, and then analyzing an aliquot of the superna- | 
tant fluid. ' 


Results 


From results obtained with eight liver pools, the concentration of the 
total nitrogen of the supernatant fluid represented 55 + 3 per cent (a.d') | 
that of the original homogenate. The concentration of the non-protein 
nitrogen in the fresh fluid was 5 + 0.3 per cent® and 9 + 0.8 per cent! 
of the total nitrogen of the original homogenate and supernatant fluid, 
respectively. In six liver pools, the dry weight concentration of each 
liver supernatant fluid was 47 + 2 per cent*® that of the original homo- , 
genate. The concentration of such a supernatant, prepared for electro- | 
phoretic and ultracentrifugal analyses, was approximately 3 per cent with 
respect to protein (N X 6.25) or solids. 

Electrophoretic Analysis—A representative electrophoretic pattern of rat 
liver supernatant fluid is shown in Fig. 1. The average descending mo- 
bilities, and areas of the arbitrarily labeled components, with their stan- 
dard deviations, computed from seven analyses (twenty-one livers), are |. 
shown in Table I. In occasional runs, the descending h, component was 
spiked, but did not dip below the base-line, as does the 6 anomaly of 
human serum. Data from such analyses are not included in Table I. 

Ultracentrifugal Analysis—Fig. 2, selected from one run, shows chat- 
acteristic stages of the sedimentation of the proteins of rat liver superns 
tant fluid at 2.7 to 3.1 per cent protein concentrations. Two tracings 
with extrapolated labeled components are shown in Fig. 3. Minor il 
defined areas (ahead of Component I and between Components II and 
III, shown in Figs. 2 and 3) are not considered in the quantitative analysis 


* Specialized Instruments Corporation, Belmont, California. 
3 Average deviation, a.d. = 2 d/n. 
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of the patterns. The poor resolution of Component I does not permit 
accurate measurement, with the result that its s29,.. values show a relatively 
high standard deviation. Despite the appearance of a slight leading 


shoulder during the last part of the run, Component V is considered to be 
uniform. 











———d 

Fic. 1. The electrophoretic diagram of the supernatant fluid of pestle-homo 
genized rat liver in veronal buffer, pH 8.6, 0.1 u, after 180 minutes at 6.0 to 6.1 volts 
per cm, 

TaBLeE I 
Electrophoretic Analyses of Seven Supernatant Fluids from Twenty-one 
Pestle-Homogenized Rat Livers, and Four Supernatant Fluids 
from Sixteen Blade-Homogenized Rat Livers 


The values for mobility have been multiplied by 105 cm.? per volt per second. 


I 
| 








Homogenizer Component | i he hn g 6 a2 | a | A | N 
Pestle, Mobility 40.83 —0.35,—0.99 ~2.04 —3.01|~3.86|—4.71)—5.71 ~6.87 
n=7 | S.d* £0.15 £0.10|-£0.09|+0.06) +0. 13] 0.11/40. 16|-+0.25|+40.27 
Area, % | 3.1| 6.7] 8.0 | 14.4 | 15.7 | 18.5 | 18.3 | 10.1 | 5.4 

S.d. '£0.6 |41.0 41.6 44.5 |42.2 |43.0 |42.9 41.7 |42.4 
Blade, Mobility |+0.78|—0.44| —1.10| —2.09| —3.00|—3.82|—4.75|—5.92| —7.07 
n=4 | Sd. +0.03 +0.08)+0.11/+0.14|-+0.08 +£0.10 +0.09 40.14 £0.18 


Area, % 2.2 Cub 6.5 | 11.9 | 10.6 | 14.4 | 30.1 | 12.0 4.6 
S.d. +0.7 41.5 41.1 |41.8 |40.7 |41.8 |42.7 41.3 |+0.7 


*S.d. = Ss(d)/(n — 1). 


In order to determine the effect of protein concentration, data for the 
ultracentrifugation of two supernatant fluids at 1.0 per cent protein con- 
centration are presented in Table II. 

Electrophoretic Analysis of Supernatant Fluids Prepared by Blade Homo- 
genization—Unlike the Potter-Elvehjem homogenizer, the Waring blendor 
renders soluble a considerable portion of the mitochondrial proteins of rat 
and rabbit livers (unpublished studies). In experiments simliar to those 
described above, livers were homogenized for 2 minutes with the semi- 
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micro- or macro-Waring blendor. The total nitrogen and dry weight con- | 
centrations of a single fluid represented 62 and 60 per cent, respectively, 
of those of the homogenate (cf. (1)). Table I contains the data of the 
electrophoretic analyses of four such fluids prepared from sixteen livers, 








47 

Fic. 2. Selected photographs of components appearing during ultracentrifuga- 

tion of a supernatant fluid of pestle-homogenized liver, 2.8 per cent protein (two 

rats). The numbers below each photograph denote minutes at 59,780 r.p.m. The 

first three exposures were at 30°, bar angle; the next three, 50°; the remainder, 40°. 
The reference bars have been trimmed off. 











—> = 

















Fig. 3. Tracings of two sedimentation patterns (duplicate images deleted) of 
the soluble proteins of pestle-homogenized rat liver showing extrapolated and la- 
beled components for the two patterns. The time at 59,780 r.p.m. is indicated. 


The principal difference in the a; components of two fluids originating from 
different representative portions of the same liver pool, one pestle-homo- 
genized and the other blade-homogenized, is shown in Fig. 4. 


DISCUSSION 


In later studies, it was considered preferable to study the soluble non- 
mitochondrial and soluble mitochondrial proteins independently. This was 
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done by the use of the pestle homogenizer with whole liver for the investi- 
gation of the former, and the blade homogenizer on isolated mitochondria 
for the latter. This approach permitted the additional evaluation of re- 
sults in terms of cytochemical entities. 

In a single experiment with a supernatant fluid prepared from six blade- 


TaB_e II 
Ultracentrifugal Analyses of Four Supernatant Fluids (Eight Rats) at 2.7 to 3.1 Per 
Cent Protein, and Two Supernatant Fluids (Four Rats) at 1.0 Per Cent 
Protein, All from Pestle-Homogenized Livers 














Component 
Protein concentration 
Vv IV III II I 
per cent 
2.7-3.1,n = 4 S299, § 3.5 7.4 10.3 43.9 53.8 
8.d.* +0.3 +0.2 +0.6 +0.5 +5.0 
Area, % 62 23 7 6 3 
§8.d. +3 +1 +0 +1 +1 
1.0 S20°, 8 3.2 t.2 
3.3 7.5 11.3 
Area, % 76 20 4 
78 19 3 





























Fic. 4. The electrophoretic patterns of the proteins of the supernatant fluids 
prepared from pestle and blade homogenates of the same six rat livers. Solid line, 
soluble proteins of blade-homogenized livers; dash line, soluble proteins of pestle- 
homogenized livers. 


homogenized rat livers, the a; component exhibited an instability during a 
dialysis period of 1 to 6 days in veronal buffer, pH 8.6, 0.1 y, similar to 
that of the ag component from the rabbit prepared in the same manner. 
No conclusive evidence, however, for a sensitivity to molecular oxygen 
similar to that exhibited by rabbit liver (1) has been apparent. 

For ultracentrifugal analysis, use of 2.7 to 3.1 per cent protein con- 
centrations has advantages over the 1.0 per cent preparations (cf. (6)). 
At the lower concentration, small components are not apparent or quickly 
flatten. Use of the higher concentrations thus permite more precise meas- 
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urements of components, and appears to have little relative effect on the 
$20,» Values (Table II). 

The concept of a continuous spectrum of sedimentability for the sub- 
microscopic particles has been suggested by Chantrenne (7) and Barnum 


and Huseby (8). Application of this concept to the soluble proteins; i¢,, | 


a preparation just free of turbidity-producing microsomes, requires that 


the small amounts of protein which were ignored in the analysis of the 3 | 
per cent solutions be included. These poorly defined proteins (Fig. 3), | 





which were excluded from the calculations, comprise approximately 7 per | 


cent of the proteins in the fluid. It is remarkable that approximately 79 
per cent ({62 + 23] X 100/107 = 79) of all these soluble proteins, or 
about 40 per cent of all the proteins of pestle-homogenized rat livers, sedi- 
ment principally as two fairly well resolved components. Hence, it appears 
that the particulate material sediments at the low end, and the bulk of 
the soluble proteins sediment as two groups at the high end of this enlarged 
spectrum. 


The generous and valuable assistance rendered by Mrs. Betty F. Claus | 


is gratefully acknowledged. 


SUMMARY 


1. Electrophoretic analyses are reported for two different. preparations 
of soluble proteins of rat liver, one derived from homogenization with the 
Potter-Elvehjem apparatus and the other with the Waring blendor. The 
use of the blendor causes principally an increase in the presence of a pat: 
ticular (a;) component. 

2. Ultracentrifugal analyses of the soluble proteins of rat liver obtained 
with the Potter-Elvehjem homogenizer are reported. Approximately 7) 
per cent of these soluble proteins, or about 40 per cent of the total protem 
of such homogenized rat livers, sediments principally as two resolved con- 
ponents. 

3. Some implications of these findings are discussed. 
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CHROMATOGRAPHY OF ADRENOCORTICOTROPIC 
PEPTIDES 


By CHOH HAO LI, ARNE TISELIUS, KAI 0. PEDERSEN, LENNART 
HAGDAHL, anp HANS CARSTENSEN 
(From Department of Biochemistry, University of California, Berkeley, California, 
and the Institutes of Biochemistry, Physical Chemistry, and Physiology, 
University of Upsala, Upsala, Sweden) 


(Received for publication, August 16, 1950) 


The preparation and properties of adrenocorticotropically active pep- 
tides (ACTH peptides) obtained from the pepsin digest of the protein 
hormone isolated from sheep pituitary glands have recently been described 
(1-3). The present communication concerns the results obtained by 
chromatographic separations of the active peptide mixture. 

Paper Partition Chromatography—The apparatus used and the technique 
employed were similar to those described by Consden, Gordon, and Martin 
(4). Acetic acid (10 per cent)-butanol (in HO) was used as the solvent 
and was prepared as suggested by Partridge (5). Whatman No. 4 paper 
was used throughout. The peptide material was dissolved in water at a 
concentration of 20 per cent. A volume of 0.005 cc. (1 mg.) was applied 
on the paper with a micro pipette. Alanine was always applied on the 
same paper so that the alanine spot was used as the reference for the po- 
sitions of other spots on the paper. 

As shown in Fig. 1, the peptide mixture (Preparation L-1669-CS) gave 
rise to a pattern in butanol-10 per cent acetic acid (in H,O) indicating the 
complexity of the mixture. However, six ninhydrin-reacting spots could 
be identified when low concentrations were used. In order to estimate 
the relative distribution of material and of biological activity, 50 mg. of 
peptides were chromatographed (50 spots; 1 mg. per spot) and the edge 
strip cut for testing. The positions of spots were numbered 1, 2, 3, etc., 
from the original. After correlating, each spot area was cut out and elu- 
ted with water. Elution was carried out according to Work (6). Ni- 
trogen was determined by the micro-Kjeldahl method. The adrenocorti- 
cotropic activity was estimated by the ascorbic acid depletion method of 
Sayers et al. (7) in hypophysectomized male rats. A dose of 1 y of N per 
100 gm. of body weight of the animal was used throughout. The ACTH 
potency was estimated from a standard curve which was obtained from an 
extensive assay of a highly purified ACTH protein preparation. It may 
be seen in Fig. 2 that a plot of the dose against the ascorbic acid depletion 
gives a straight line relationship and that 0.2 y of ACTH depletes 40 mg. 
of ascorbic acid per 100 gm. of adrenal tissue. Since the bioassay was 
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employed as a guide for the location of activity, the assay results were 
obtained in many cases from two or three rats. Thus one cannot expect 
to utilize these data for exact quantitative calculation of the recovery of 
activity. 

The results of a typical experiment are summarized in Table I. It is 
evident that most of the activity is in the immobile spot, which consists of 
approximately 30 per cent of the total original nitrogen. The eluate of 
the active spot was lyophilized; about 15 mg. of white powder were ob- 
tained from 49 mg. of the peptides. This material is called Preparation 
Ap and should represent some purification from the original mixture. 

When Preparation Ap was chromatographed in phenol (in H,O), it gave 


TABLE I 


Nitrogen and ACTH Activity Distribution in Different Spots of ACTH Peptides 
Obtained in Paper Chromatogram* 








Spot No. | Nitrogen ovigina amount of N yr = Br seni ig “a 

| mg. | per cent | mg. Y 

| 2.20 | 34.4 | «117 6)t 5 

2 | 0.40 | 6.3 | 1 (4) 0 

3 | 0.23 | 3.6 5 (3) 0.2 

{ 0.11 1.7 7 (4) 0.2 

5 | 0.11 1.7 0 (3) 0 

6 | 0.23 3.6 | 33 (1) 0.3 








' * Butanol-10 per cent acetic acid as solvent; 49 mg. in forty-nine spots in the 
original (see Fig. 1). 

+ The figures in parentheses represent the number of rats; 1 y of N per 100 gm. 
of body weight was injected intravenously for the assay. 








only one spot which was in the same position as the active spot reported 
earlier (3). On the other hand, this material in the carrier displacement 
experiment (see below) showed definitely more than one component. 

Other solvents are being investigated to resolve Preparation Ap into dif- 
ferent components. However, butanol-10 per cent acetic acid was used 
' throughout the present investigation to analyze the fractions obtained by 
other chromatographic means. 

Displacement Development Analysis—A number of experiments were per- 
formed by the displacement analytical technique of Tiselius (8). The 
runs were made in the interferometric apparatus of Tiselius and Claes- 
son (9), equipped with a 80 mm. cuvette. In a typical experiment, 30 
mg. of peptides (Preparation L-1669-CS) were dissolved in 10.5 cc. of 0.10 
NX HCl and pressed into the column. The column was made with eight 
sections, each 785 e.mm., and with the mixers of Hagdahl (10). The 
adsorbent was a mixture of 1 part of Carboraffin Supra and 9 parts of 
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Hyflo Super-Cel. The displacement development was effected with a 0.4 
per cent Zephiran chloride! (in 0.10 N HCl) solution. It was found that 
about 10 per cent of the material was not adsorbed and that the adsorbed 
material was totally displaced by the displacer. Fig. 3 gives the optical 
curve indicating that 65 per cent of the peptides was strongly adsorbed 
and was not displaced in the first 30 cc. It is also evident that the ab- 
sence of sharp steps in the later portion of the curve suggests that the 
strongly adsorbed material contains either very similar substances or too 
many different peptides for clear cut separation. An experiment with 
large amounts of the peptide mixture was carried out in order to determine 
the distribution of nitrogen and ACTH activity and to secure material for 
other analyses as well. 
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Fia. 3. Displacement development of ACTH peptides (Preparation L-1669-CS). 
39 mg. of the peptides were used; displacer, 0.4 per cent Zephiran chloride; adsorb- 
ent, Carboraffin Supra and Hyflo Super-Cel in a ratio of 1:9; column, eight sec- 
tions, each 785 c.mm. plus mixer. 


250 mg. of the peptides were dissolved in 20 cc. of 0.10 N HCl and 
pressed into the charcoal column. The sections were packed with the wet 
adsorbent (Carboraffin Supra charcoal and Hyflo Super-Cel in a ratio of 
1:3) in the manner previously described (10). The column consisted of 
six sections, each 1570 c.mm. and six sections, each 785 c.mm., with the 
largest sections in the top of the column. A solution of 1.0 per cent 
Zephiran chloride in 0.10 N HCl was used as the displacer. The column 
was driven with a pressure of approximately 4 kilos per sq. cm. Fractions 
(0.5 cc.) were collected in test-tubes with an automatic collector apparatus. 
A total of 312 fractions was obtained in this experiment; the last fraction 
has no peptide material. The peptide concentration was estimated by 
means of the ninhydrin colorimetric method (11), Kjeldahl nitrogen, or 
index of refraction. 

As shown in Fig. 4, the curve is similar to that obtained when a smaller 





1 Zephiran chloride is an alkyldimethylbenzylammonium chloride with the fol- 
lowing formula: CsHs,CH:N(CH,):RCI, where R = CgHiz to CisHyz. 
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0.4 quantity of the peptides is used (see Fig. 3). The fractions after Tube 


rat 232 were analyzed with ninhydrin for free amino nitrogen and by means 
ed of the Kjeldahl method for total nitrogen; some of the fractions were also 
cal assayed for ACTH activity in hypophysectomized rats. The results are 
ped summarized in Table II. It is clear that the ratio of free amino nitrogen 
ab- to total nitrogen varies from fraction to fraction and that the adrenal- 
the stimulating activity occurs from Tube 255 onward to the end of displace- 
too | ment. Since bioassays were not carried out extensively, it is difficult to 
vith | ascertain the zone of maximum activity between these fractions. Never- 


nine | theless, there is little doubt that the last twenty fractions have the highest 
| for activity, indicating that the ACTH peptide or peptides must be adsorbed 
strongly to the charcoal. 


The distribution of nitrogen and ACTH activity in various fractions 











210+ 
w« '60F 
Q 20h 
~ sof 
QV aol 
1@) 20 40 60 230 250 270 290 310 
Test Tube Number 
C8 Fig. 4. Displacement development of ACTH peptides (Preparation L-1669-CS). 
ee 250 mg. of the peptides were used; displacer, 1.0 per cent Zephiran chloride; adsorb- 
| : 


ent, Carboraffin Supra and Hyflo Super-Cel in a ratio of 1:3; column, six sections, 


“7 each 1570 c.mm. plus mixer. 


| and may be seen in Fig. 5. It is evident that eight peaks occur from Tube 253 
e wet to Tube 309. The highest activity was found in Tube 307 and it also had 
tio of the highest concentration. On a nitrogen basis, it had an activity about 
ad 10 times that of the original material. 
h the Perhaps it should be noted that Tube 237 contained definite ACTH ac- 
- cent | tivity, although it was very low. If the original peptide mixture con- 
slumn | tained only one active component, one would expect that the activity 
ctions | Should be concentrated in a narrow displacement zone. The fact that the 
ratus, | iological activity spreads out in many fractions suggests that the original 
action | Material may consist of more than one ACTH active peptide. 
ed by One-dimensional paper partition chromatography, with butanol-10 per 
en, ot cent acetic acid as the solvent in Whatman No. 4 paper, was also carried 
out on these fractions. Aliquots of each fraction containing approxi- 
maller | ately 1 mg. of peptides were dried in a vacuum desiccator before being 
applied to the paper. It was found that the unadsorbed material and 
the fol | fractions in Tubes 1 to 230 gave very different patterns from others, 
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TaBLeE II 
Nitrogen, Amino N, and Activity Distribution in Different Fractions of ACTH 
Peptides (250 Mg.) Obtained in Displacement Development Chromatography ' 
wher 
| raat 
Fraction* or tube No. Nitrogen | Amino Nt Amine - | fereing er | Psst the ¢ 
Nitrogen - gm. adrenal] equivalent of di 
mg. mg. | mg. Y ; has I 
U (unadsorbed material) 5.2 4+2 (5)t 0 from 
A (Tubes 1-55) (0.22 0.0168 0.077 39 (4) 0.4 in th 
B( “ 56-110) 0.15 | 0.0092 | 0.061 23 (5)| 0.2 Al 
C( ‘ 111-165) 0.21 0.0155 0.074 +56 (4) 0 sai 
D( “ 166-230) | 0.10 | 0.0090 | 0.090 9 (4)| <0.2 _ 
237 0.036 | 0.0096 | 0.216 | 7 (2)| 0.2 ted t 
239 0.051 | 0.0105 | 0.206 31 (3) 0.3 and 1 
241 | 0.063 | 0.0112 | 0.178 15 (2)| <0.2 can € 
243 | 0.078 0.0128 0.164 4 (3) <0.2 Ca 
247 0.132 0.0192 0.146 7 (2) <0.2 
249 | 0.165 0.0208 0.126 15 (2) <0.2 
251 | 0.165 (0).0224 0.136 25 (3) 0.2 
253 | 0.186 0.0208 0.112 +14 (38) 0 
255 | 0.123 0.0208 0.168 97 (3) 2.5 
257 | 0.186 0).0224 0.120 73 (2) ra 
259 | 0.198 | 0.0224 | 0.113 49 (2) 0.5 
261 0.174 0).0208 0.120 52 (3) 0.5 
263 | 0.189 0.0192 0.102 91 (3) 2.0 
265 | "Oniva 0.0208 0.122 92 (3) 2.1 
267 | 0.209 0.0224 0.107 74 (3) 1.0 
269 | 0.190 ().0208 0.109 76 (3) 1.2 
271 0.197 0.0192 0.098 77 ©) 133 
273 | 0.202 0.0192 0.095 98 (3) 2.6 
275 | 0.099 0.0176 0.178 61 (1) 0.7 
277 | 0.204 0.0176 0.086 126 (3) 6.5 Fic 
281 | 0.187 0.0176 (0.094 71 (3) 1.0 from { 
283 | 0.182 0.0160 0.088 83 (3) 1.5 
285 ().187 0.0144 0.077 44 (2) 0.4 bility 
287 | 0.192 | 0.0160 | 0.083 | 130 (2) | 7.4 pos 
289 | 0.176 0.0192 0.109 157 (3) 18.2 dead 
291 | 0.213 | .0.0176 | 0.083 99 (3)| 2.6 ree 
293 | 0.192 | 0.0176 | ¢.092 | 131 (2)| 7.6 alcoh 
295 | 0.183 | 0.0176 | 0.096 162 (3) | 21.5 rer s 
297 0.192 “| 0.0160 0.083 69 (3) 1.0 cent 
299 0.207 | 0.0160 | 0.077 | 116 (3)| 4.7 de 
301 0.211 0.0192 0.091 73 (3) 18 disso 
303 0.206 0.0176 0.086 78 (2) 1.3 ae 
305 0.247 | 0.0160 | 0.065 102 (2) 2.9 It wa 
307 0.311 | 0.0176 | 0.059 186 (3) | 48.0 of 2 | 
309 0.165 0.0124 | 0.075 125 (2) | 6.3 was ; 
* See Fig. 4. — 
+ Estimated from the alanine standard curve. 1570, 
t The figures in parentheses represent the number of rats; 1 y of N per 100 gm. kilos 
of body weight was injected intravenously for the assay. Th 
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z whereas from Tube 236 onward the patterns were very similar. However, 
| the concentration of the immobile spot appears to increase toward the end 
tt | of displacement. As has been already demonstrated, the immobile spot 
| has most of the adrenocorticotropic activity and therefore it is expected 
from the paper chromatogram that the hormone activity is concentrated 
in the strongly adsorbed fractions. 

Although the displacement development does not achieve much purifi- 
cation as judged from paper partition chromatography, it has demonstra- 
ted that the ACTH peptides can be displaced quantitatively from charcoal 
and that 25 per cent of the original peptide mixture which has no activity 
can easily be removed by this technique. 

: Carrier Displacement Chromatography—We next investigated the possi- 

















237 253 «4269 «285 6301 
Test Tube Number 


Fic. 5. Nitrogen and ACTH activity distribution in various fractions obtained 
from the displacement development experiment of ACTH peptide (see Fig. 4). 
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bility of separating the peptides by using the new carrier displacement 
chromatography (12). Some preliminary experiments with homologous 
alcohols showed that the activity was found in the zones corresponding to 
alcohols with 8 to 10 carbon atoms.- Thus it was decided to adopt a car- 
rier system consisting of n-octyl alcohol and n-nonyl alcohol with 2 per 
cent n-decyl alcohol as the displacer. The solvent used to dissolve these 
alcohols was 50 per cent ethyl alcohol in 0.10 N HCl. The peptides were 
dissolved in 5 ee. of 1 per cent n-octyl alcohol and pressed into the column. 
It was followed by 7 cc. of 2 per cent n-nonyl alcohol. A volume of 62 cc. 
of 2 per cent n-decyl alcohol was applied for displacement. The adsorbent 
was a mixture of 1 part Carboraffin Supra charcoal and 3 parts Hyflo 
Super-Cel. The column was coupled with six sections of 6280, 3140, 1570, 
1570, 1570, and 785 c.mm. ‘The effluent was delivered by a pressure of 4 
| kilos per sq. em. into 2 ce. fractions after passing through the cuvette. 

The data of a typical experiment with 50 mg. of the peptides (Prepara- 
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tion 2026-MS) may be seen in Fig. 6. The fractions were collected into 
five main portions as Fractions A, B, C, D, and E; Fractions A and B were 
due to the elution with the solvent, Fraction C to the displacement with 
octyl alcohol, Fraction D with nonyl alcohol, and Fraction E with decy| 
alcohol. It should be mentioned that the presence of peaks in Fractions 




















MI. 

Fia. 6. Carrier displacement chromatography of ACTH peptides (Preparation 
2026-MS). 50 mg, of the peptides were used; adsorbent, Carboraffin Supra and 
Hyflo Super-Cel in a ratio of 1:3; column, six sections of 6280, 3140, 1570, 1570, and 
785 c.mm. plus mixer. Octyl alcohol, nonyl alcohol, and decyl alcohol as carriers. 


Taste III 
Nitrogen and Activity Distribution in Different Fractions of ACTH Peptides (50 Mg.) 
Obtained in Carrier Displacement Chromatography 























Ascorbic acid | - 
Fraction* Nitrogen Total N ing per 100 gm. ee - 
mg. per cent mg. 7 
A 1.333 21.4 1 0.2 
B 0.785 12.6 19 0.2 
Cc 2.268 36.6 50 0.5 
D 1.294 20.8 116 4.7 
E 0.554 8.6 122 5.7 
* See Fig. 7. 


¢ Assayed at 1 y of N per 100 gm. of body weight; five animals in each group. 


A and C is attributed to overloading in the adsorbent and hence a station- 
ary state has not been attained. No such peaks appeared in Fractions D 
and E, but this does not mean that the stationary state has been attained. 
As it may be seen later, this does not cause difficulties in the separation. 

The nitrogen content and assay results are given in Table III. It may 
be noted that a total recovery of the peptide nitrogen was achieved and 
that most of the activity was found in Fractions D and E. Some activity 
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was also found in Fractions A, B, and C. Paper partition chromatography 
in butanol-10 per cent acetic acid revealed that Fraction E represents the 
purest material. It was found that each fraction gives rise to an immo- 
bile spot. This indicates that the immobile spot (Preparation Ap of the 
original peptide mixture) must contain more than one component. It 








% Gob 
gq 














Fic. 7. Carrier displacement chromatography of ACTH peptide fraction (Prep- 
aration Ap) obtained from the active immobile spots of a paper chromatogram in 
butanol-10 per cent acetic acid. 16 mg. of Preparation Ap were used; conditions 
of carrier displacement same as for Fig. 6. 


TasBie IV 


Nitrogen and Activity Distribution in Different Fractions of Preparation Ap Obtained 
in Carrier Displacement Chromatography 








Fraction* Nitrogen Total N ia pry ee _ 
mg. per cent mg. by 
A 0.205 9.9 2 (5)t 0 
B 0.189 9.1 2 (4) 0 
C 0.635 30.6 26 (8) 0 
D 0.697 33.6 4 (4) 0 
E 0.354 16.8 131 (5) 7.6 

















*See Fig. 7 (16 mg. were used in this experiment). 
} The figures in parentheses represent the number of rats; 1 y of N per 100 gm. 
of body weight was used for the assay. 


will be seen in the following that Preparation Ap from the paper chroma- 
togram can be resolved into a number of components in the carrier dis- 
placement chromatography. 

16 mg. of Preparation Ap were pressed into a column similar to that 
described above. The optical data are given in Fig. 7 and the analytical 
results in Table IV. It is to be noted that Fractions C and D consist of 
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60 per cent of the total material and have no ACTH activity, while Frac- 
tion E contains only 18 ; :r cent of the total nitrogen and is the only frac- 
tion having the adrenal-stimulating action.? In view of the limitation of 
our assay data, it is difficult to compute the percentage of recovery of bio- 
logical potency. There is, however, little doubt that ACTH activity is 
concentrated only in the fraction displaced by n-decyl alcohol. 

If Preparation Ap is a single substance, it should be expected to be dis- 
placed into one definite zone. For the amino acids and peptides investi- 
gated by Tiselius and Hagdahl (12), this was the case. Since the butanol- 
10 per cent acetic acid-active immobile spot distributed itself into all 
displacement zones, it must be concluded that it consists of a num- 
ber of components. 

Approximate Molecular Weights of Various ACTH Peptide Fractions—In 
an earlier investigation (3) it was found that the ACTH peptides prepared 
by peptic hydrolysis had an average molecular weight* of the order 1200. 
After the fractionation described above had been made, it was of interest 
to determine the size of the peptides in the different fractions. The ex- 
periments were carried out in the same way as before (3), but the molecu- 
lar weights were calculated by means of the Svedberg method (8) as well 
as by means of a procedure described by Archibald (14). Archibald’s 
method has not yet been used extensively, but the model experiments so 
far carried out in Upsala‘ indicate that the method is promising for sub- 
stances with molecular weights down to a few hundred. Details of these 
experiments will be published elsewhere. The method is based on the 
following: According to the differential equation for the combined sedi- 
mentation and diffusion in a sectorial ultracentrifuge cell, the flux, ¢, of 


2 From limited assay data in Tables III and IV, the recovery of ACTH activity 
appears far from complete. The reasons for the loss of activity are not clear and 
being investigated. However, it is likely that one or all of the following factors 
may be involved: (a) the activity is partially inactivated by impurities in the char- 
coal; (b) a cofactor has been separated and thus a decrease of specific activity in the 
active fraction occurs; and (c) a highly active fraction remains in the charcoal and 
cannot be displaced by the decyl alcohol. Since a total recovery of the peptide ni- 
trogen was achieved, the last factor may be ruled out. 

3 Lesh et al. (13) recently obtained a highly potent fraction from the peptic 
digest of the swine ACTH protein, using the counter-current distribution tech- 
nique. They concluded that ‘‘the active moiety of the ACTH protein is of mo- 
lecular size considerably greater than the ACTH peptides recently reported” and 
that “the activity of the mixtures of peptides previously reported was due to 
the presence of a few per cent of a larger molecule having a very high bio- 
logical potency.”” From the displacement and carrier displacement experiments 
with sheep ACTH peptides, described in the present paper, the results are evidently 
not in agreement with their conclusions. It is conceivable that the ACTH active 
peptides are different for different species. 

4 Pedersen, K. O., and Hellman, E., unpublished experiments. 
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material in 1 second through a surface at the distance x from the axis of 
rotation having unit area is given in the equation; 


0c 
¢ = owacs — D— 
Ox 


where s and D are the sedimentation and diffusion constants respectively, 
c the concentration, and w the angular velocity. The first term on the 
right of the equation provided for the transport of material by sedimenta- 
tion and the second by diffusion. At equilibrium this flux becomes zero 
forall values of a. Since, however, no solute can pass through the menis- 
cus of the solution, x = 2, nor through the bottom of the cell, z = zp, 








TABLE V 
Approximate Average Molecular Weights of Various ACTH Peptide Fractions 
Method of chromatography Fraction pn eo S20 Deo peg —- 
= per cent 10% 10° 
Paper Preparation Ap| 1.35 0.75 

Lee 0.73 _21 2800 1400 

Carrier displace- A 1.95 0.27 38 570 520 

ment B 1.5 0.21 41 410 410 

C 1.5 0.41 24 1400 1000 

D 1.6 0.66 21 2500 1500 

E 0.85 0.73 23 2600 1800 























* The solvent was 0.2 m NaCl. 
+ The partial specific volume, V2, was assumed to be 0.70. 


the flux is also zero at these two levels at all times, 7.e. even prior to the 
attainment of equilibrium. Thus a plot of 1/w’xc Xdc/dz against x should 
extrapolate to the same value, s/D, at x» and x, at any time for monodis- 
perse substance. For a polydisperse substance the molecular weight thus 
obtained corresponds to the weight-average molecular weight at x» and 
a, respectively, at the time of the experiment. As the experiment pro- 
ceeds the value by the Archibald method at x = 2 should decrease, 
whereas increasing values by this method should be found for x = 2p. 
The variation by the Archibald procedure with time thus gives a measure 
of the homogeneity of the preparation. In our experiments we have ex- 
clusively made use of the values for 1/w?xc X dc/dx extrapolated first to 
«= x) and then tot = 0. By this procedure the weight-average molecu- 
lar weight is obtained for the substance investigated. 

In order to get a rough idea of the distribution in size of the various 
fractions some preliminary experiments were made in which the peptides 
were dissolved in pure water. The solutions could then be used directly 
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for further chemical studies immediately after the end of the sedimentation 
and diffusion experiments without any further preparation. In all the 
later experiments the peptides were dissolved in 0.2 m sodium chloride in 
order to eliminate charge effects on sedimentation and diffusion (15) which 
tend to give too low molecular weights in pure water. The scarcity of 
material did not allow us to make any determination of the partial specific 
volumes for the different peptides, but it seems reasonable to assume that 
the volume is of the order of 0.70. 

Table V gives a summary of the results obtained. The values given 
must be taken as estimates of the approximate weight-average molecular 
weights in various fractions. The experiments indicated greater polydis- 
persity in the samples isolated by the paper chromatographic technique 
than in the fractions obtained by carrier displacements chromatography, 
It may be noted that the values computed by the Svedberg equation are 
higher than those by Archibald’s method. It must be emphasized that 
none of the active peptide fractions appeared homogeneous in the ultra- 
centrifuge. Work on further fractionation is continuing at Berkeley and 
Upsala. 


SUMMARY 


The ACTH peptides obtained from the pepsin digest of adrenocortico- 
tropic hormone isolated from sheep pituitary glands have been subjected 
to study by various chromatographic methods. It was found that some 
purification can be achieved by paper partition chromatography. From 
the displacement development analysis, adrenocorticotropically active pep- 
tides of the mixture were shown to adsorb strongly on charcoal. The new 
carrier displacement technique of Tiselius and Hagdahl was found most 
applicable and the purest ACTH peptide fraction was obtained by use of 
normal alcohols with 8 to 10 carbon atoms as the carriers. The average 
molecular weight of various active fractions was determined by the ultra- 
centrifugal method. It was shown that the average molecular weight of 
the purest fraction is of the order 2000. 


We are much indebted to the Swedish Natural Science and Medical Re- 
search Councils and to Mr. Josef Aner, Gothenburg, for generous financial 
aid for the investigations carried out in the Upsala laboratories. 
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THE INTRACELLULAR LOCALIZATION OF URICASE* 


By ARNOLD H. SCHEIN, ESTELLE PODBER, anp ALEX B. NOVIKOFF 


(From the Departments of Biochemistry and Pathology, College of Medicine, University 
of Vermont, Burlington, Vermont) 


(Received for publication, December 20, 1950) 


Lan (1, 2) has measured the uricase activity of rat liver homogenate 
and liver cell nuclei. He found the nuclear activity to be 30 to 46 per 
cent higher than that of the homogenates when both were computed on a 
dry weight basis. 

In connection with our studies of purine metabolism we have inves- 
tigated the intracellular distribution of uricase activity. Differential 
centrifugation was employed to prepare cell fractions from rat liver ho- 
mogenates suspended in hypertonic sucrose and in distilled water. Uri- 
case activity was estimated by following uric acid destruction at 45°. The 
results indicate that most of the uricase activity of the homogenate is 
concentrated in the large granules (mitochondria). 


EXPERIMENTAL 


Materials and Methods 


Preparation of Rat Liver Homogenates (10 Per Cent)—Livers were ob- 
tained from young adult, Sprague-Dawley, male rats and were cooled with 
finely chopped ice. The chilled livers were rapidly weighed on a Roller- 
Smith balance and transferred to a cold homogenization tube of the Potter- 
Elvehjem type (3). All subsequent operations were conducted in a cold 
room or refrigerated centrifuge (International, model PR-1) at a tempera- 
ture of 1-5°. Homogenates were prepared with 9 volumes of either ice- 
cold hypertonic (0.88 M) sucrose or with distilled water. 

Fractionation of Rat Liver Homogenate in 0.88 m Sucrose (4) and in Dis- 
tilled Water—30 ml. of homogenate in 0.88 mM sucrose were centrifuged for 
10 minutes at 600 X g. (The radial distance for calculation of g was from 
the center of the centrifuge tube.) The supernatant solution was carefully 
removed and the sediment suspended in the same volume of sucrose solu- 
tion and recentrifuged as above. This washing procedure was repeated 
once more. The final sediment consisting of nuclei, together with some 

* A preliminary report has appeared (Federation Proc., 9, 224 (1950)). 


This investigation was supported in part by a research grant from the National 


Cancer Institute, National Institutes of Health, United States Public Health 
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331 








Son INTRACELLULAR URICASE 


free mitochondria (particularly of the larger sizes), unbroken liver cells, 
and red blood cells, was evenly redistributed in 30 ml. of sucrose solution, 

The supernatant fluid and washings from the nuclear fraction were cen- 
trifuged at 24,000 xX g for 20 minutes and washed twice with 
small portions of sucrose solution. The precipitate, consisting mainly of 
mitochondria and some microsomes (visible by phase microscopy), was 
resuspended in 30 ml. of sucrose solution. 

The supernatant fluid and washings from the mitochondrial fraction 
were combined, diluted to a concentration of 0.44 mM sucrose, and centri- 
fuged at 24,000 X g for 120 minutes. The resulting pellets, containing 
the major portion of the microsomes, were redistributed in 30 ml. of 0.88 
M sucrose solution, and the supernatant fluid was made up to 60 ml. with 
0.44 m sucrose. This “supernatant fluid” fraction contained no particles 
visible by phase microscopy; yet higher speeds (140,000 X g) (Spinco 


centrifuge) did bring down particulate matter. In addition to this fine | 


particulate matter the fraction contains soluble materials of the cell. 

By this procedure, each ml. of the nuclear, mitochondrial, and micro- 
somal fractions contained essentially the same amount of specific particu- 
late matter as 1 ml. of the original 10 per cent homogenate. On the other 
hand, the material in the ‘‘supernatant fluid” was one-half as concentrated. 

In the case of the water homogenates, both the speed and time of cen- 
trifugation were varied so that the calculated particle size (5) of 
the various fractions approximated those of the hypertonic sucrose homog- 
enates. Otherwise the fractionation procedure was carried out exactly 
as above with distilled water substituted for sucrose solutions. 

Measurement of Uricase Activity—The incubating medium, consisting of 
10 ml. of a borate-buffered (pH 9.3) lithium urate solution containing the 
equivalent of 1000 y of uric acid and 2 drops of catalase (Vita-Zyme Lab- 
oratories, Inc.), was equilibrated at 45° in a 100 ml. volumetric flask. 
Suitable aliquots of the tissue fractions were added (usually two levels of 
tissue were employed) and the flasks shaken for 30 minutes in a Dubnoff 
metabolic incubator. The reaction was stopped by the addition of 0.5 
ml. 5 per cent NaCN and the reactants diluted to 100 ml. If less than 
500 y of tissue-derived nitrogen was present, its removal was unnecessary, 
since protein, peptides, or amino acids do not inhibit color development of 
uric acid with the reagents used when the reaction is “swamped” by 
glycine (6). The turbidities at the color development stage caused by the 
presence of larger concentrations of protein were avoided by adding 0.2 
ml. quantities of 10 per cent sodium tungstate and 3 N H.SO, before 
making up to volume. The solutions were filtered before use and neutral- 
ized. Residual uric acid determinations were performed on 5 ml. aliquots 








of 


ity 
tis 


ac! 
col 
we 


ges 
pel 
Oxi 
acl 
bil: 
tio 


tio! 
in 1 
dis 


ma 
wai 
cro. 
mo 
mic 
act: 
are 


ilar 
acti 
mic 
the 
has 
suc! 
not 


rep¢ 
DN 





tion 
\tri- 
ning 
0.88 
with 
icles 
inco 

fine | 





‘icro- 
ticu- 
other 
ated. 
-cen- 
>) of 
mog- 
actly 





ing of 
ig the 
. Lab- 
flask. 
els of 
ubnoff 
of 0.5 
s than 
ssary, 
.ent of 
d”? by 
by the 
ing 0.2 
before 
eutral- 
Jiquots 








XUM 


SCHEIN, PODBER, AND NOVIKOFF 333 


of the clear filtrates by a modification of the Benedict method.! The 
quantity of uric acid destroyed served as an index of uricolytic activ- 
ity. Uric acid destruction was directly proportional to the amount of 
tissue extracts and homogenates over a wide range of concentration. 

Warburg respirometry was employed as a check on our method. Uric 
acid destruction of the flask contents was measured by our procedure! and 
compared to values calculated from the O2 uptake. Equivalent results 
were obtained in all cases. These experiments are not reported here. 

Other Determinations—Nitrogen was determined by micro-Kjeldahl di- 
gestion, followed by nesslerization, desoxypentose nucleic acid (DNA) and 
pentose nucleic acid (PNA) by the procedure of Schneider (7), and succin- 
oxidase activity by the method of Schneider and Potter (8). The nucleic 
acid and succinoxidase measurements served as checks on the reproduci- 
bility of the fractionation and also as a basis for comparison of our frac- 
tions with those of other workers. 


Results 


From Table I it may be seen that there is a similar pattern of distribu- 
tion of nitrogen, uricase activity, succinoxidase activity, PNA, and DNA 
in the cell fractions obtained by fractionation in hypertonic sucrose and in 
distilled water. 

Uricase—The uricase activity of the mitochondrial fractions is approxi- 
mately 75 per cent that of the homogenates with both sucrose and distilled 
water. The specific activities (micrograms of uric acid oxidized per mi- 
crogram of N) of the mitochondria are from 2 to 3 times that of the ho- 
mogenates. The specific uricase activities of the nuclear fractions and 
microsomes are approximately half that of the homogenates. The uricase 
activities and especially the specific activities of both supernatant fluids 
are extremely low. 

Succinoxidase—The distribution of succinoxidase activities is quite sim- 
ilar to that reported by Hogeboom et al. (4). 70 to 75 per cent of the total 
activity is concentrated in the mitochondria. The nuclear fractions and 
microsomes, with sucrose and with water, contain from 4 to 14 per cent of 
the homogenate activity. The supernatant fluid from water homogenates 
has an appreciably higher succinoxidase activity (8 per cent) than from 
sucrose homogenates (0.4 per cent). The reason for this difference has 
not been investigated. 

PNA and DNA—The nucleic acid distribution is essentially like that 
reported by Price et al. (9). PNA is found in all of the cell fractions. 
DNA is present exclusively in the nuclear fraction; this is the only fraction 


1 Schein, A. H., and Rice, E., unpublished work. 
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in which nuclei (free or in unbroken cells) are found by microscopic exam- 
ination. 


DISCUSSION 


Although approximately 75 per cent of the liver uricase activity is con- 
centrated in the mitochondria, a small but significant proportion of the 
activity is found in both the nuclear and microsome fractions. It is not 
possible to state whether the activity is intrinsic to the nuclei or whether 
the uricase activity of the nuclear fraction is derived from mitochondrial 
contamination. Phase microscopy always revealed some free mitochon- 
dria and unbroken cells in this fraction. The uricase activity of the mi- 
crosome fraction might result from such factors as the possible presence of 
small mitochondria, absorption of uricase upon microsomes, or the uricase 
content of microsomes themselves. Until more is known of the morpho- 
logical and functional relations between small mitochondria and micro- 
somes, little can be gained from speculations concerning the uricase activity 
of the microsome fraction. 

It is of interest that the uricase activity of mitochondria is essentially 
the same whether these particles are isolated from hypertonic sucrose or 
from distilled water, despite the marked differences in their size and shape 
in these two media (4, 10). 

The evidence for the localization of uricase in mitochondria fulfils the 
criteria proposed by Hogeboom and Schneider (11) for ascribing a bio- 
chemical property to a given structural component of the cell; namely, the 
cell fraction is cytologically defined in terms of the intracellular component 
it represents, the validity of the method of assay for the biochemical prop- 
erty is established, and the biochemical property is concentrated to a 
greater extent in the cell fraction than in the original whole tissue. Thus 
uricase belongs in the group of enzymes including succinoxidase, cyto- 
chrome oxidase (12), and octanoxidase (13), whose activities are associated 
to a large degree with mitochondria. 


SUMMARY 


1. A method for measuring uricase activity has been described. 

2. Approximately 75 per cent of the uricase activity of rat liver was 
found in the mitochondrial fractions obtained by differential centrifugation 
of 0.88 m sucrose and distilled water homogenates. 
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MYOKINASE AND THE ADENINE NUCLEOTIDE SPECIFICITY 
IN OXIDATIVE PHOSPHORYLATIONS* 


By S. S. BARKULIS{ anp ALBERT L. LEHNINGER 


(From the Departments of Biochemistry and Surgery, University of Chicago, 
Chicago, Illinois) 


(Received for publication, November 30, 1950) 


Considerable evidence has accumulated that the adenine nucleotides act 
as primary acceptors of phosphate during oxidative phosphorylation and 
that phosphorylation of secondary acceptors such as glucose, creatine, 
elc., occurs via transphosphorylation reactions between adenosinetriphos- 
phate (ATP) and the secondary acceptor. In a previous study from this 
laboratory (1) it was shown that either muscle adenylic acid (AMP) or 
adenosinediphosphate (ADP) could act as acceptor in the phosphorylations 
accompanying the oxidation of 6-hydroxybutyrate to acetoacetate as cata- 
lyzed by washed particulate matter of rat liver. As is customary in meas- 
urements of the P:O ratio (micromoles of orthophosphate uptake per 
microatom of oxygen uptake), fluoride‘was used in that study to minimize 
dephosphorylation losses due to phosphatase action. In most of those 
experiments the fluoride concentration was 0.01 m and under these cir- 
cumstances the P:O ratios obtained with AMP and ADP as acceptors were 
approximately equal. In this paper it is shown that the fluoride concen- 
tration is critical in the measurement of the P:O ratios of oxidative phos- 
phorylation with AMP as acceptor; at higher fluoride levels (0.03 m) the 
phosphorylation of AMP is completely abolished, whereas the phosphory- 
lation of ADP is undisturbed. Ochoa (2) and Hunter (3) have also found 
under their experimental conditions that AMP was not as effective as ATP 
in phosphorylating systems containing high fluoride concentrations. The 
data presented in this paper indicate strongly that oxidative phosphoryla- 
tion of AMP is dependent on the action of myokinase, which is shown to 
be sensitive to high concentrations of fluoride. 


Preparations and Methods 


The adenylic acid used was a product of the Ernst Bischoff Company, 
Inc., the ADP was a product of the Sigma Chemical Company, and the 
ATP samples used were products of the Armour Laboratories and the 
Ernst Bischoff Company, Inc. These products were subjected to appro- 

* This investigation was supported in part by a grant from the Nutrition Founda- 
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priate analysis and the batches used were found to be of adequate purity 
for these studies. Myokinase was prepared according to Colowick and 
Kalckar (4) and hexokinase by the method of Meyerhof (6). The prep- 
arations of rat liver enzyme were made as described before (1). 
Acetoacetate was determined by a modification of the Greenberg and 
Lester method for acetone (7). In this procedure a 3.0 ml. sample in 3 per 
cent trichloroacetic acid, containing not more than 1.5 um of acetoacetate, 
is incubated with 4.0 ml. of 4 m aniline hydrochloride and 1.0 ml. of 1» 
acetate buffer (pH 5.0) in a 50 ml. glass-stopped conical tipped centrifuge 
tube at 30° for 90 minutes to decarboxylate the acetoacetate. Then 5.0 
ml. of 0.1 per cent 2 ,4-dinitrophenylhydrazine in 2 N HCl and 10.0 ml. of 
carbon tetrachloride are added. The tubes are stoppered tightly and 
shaken vigorously in a shaking machine. The CCl, extract is washed in 
the tube with two 20 ml. portions of water and a 10 ml. portion of 0.5 
NaOH, as described by Greenberg and Lester. The supernatant layers 
are removed with a capillary and suction line. The optical density of the 
CCl, layer is then read at 420 my against an appropriate reagent blank and 
acetone standards. Neither pyruvate nor a-ketoglutarate interferes in the 
method. Two precautions are necessary: The aniline hydrochloride solu- 
tion must first be freed of reactive chromogens by several extractions with 


chloroform. The extracted solution, although deeply colored if commer- | 
cial aniline hydrochloride (Eastman) is used, will contain no materials | 


giving a yellow color in the analysis. Secondly, the extraction of the hy- 
drazone into CCl, requires vigorous shaking and it is necessary first to 
standardize the time and rate of shaking for the machine used to obtain 
complete extraction. 


Results 


Table I is a protocol of a typical experiment in which the same enzyme 
preparation was employed throughout, showing the effect of fluoride con- 
centrations on P:O ratios when AMP and ADP were compared as accep- 
tors in the 6-hydroxybutyrate system. It is seen from the data that at the 
lower levels of fluoride (0.005 to 0.01 m) phosphorylation of both nucleo- 
tides takes place. However, when the fluoride concentration is increased, 
phosphorylation of AMP is gradually lost, whereas phosphorylation of 


ADP is increased. It is also seen that the phosphorylation of AMP even f 
at low fluoride concentrations is not as high as ADP phosphorylation at fF 
0.03 m fluoride. This effect of fluoride concentration on the phosphoryla f 
tion of AMP is not restricted to oxidative phosphorylation linked to & [ 
hydroxybutyrate oxidation, since other experiments showed a similar | 
pattern in phosphorylation coupled to the oxidation of succinate, malate, [ 


and a-ketoglutarate by the rat liver preparations used. 





It appeared that the presence of the enzyme myokinase in the rat liver 
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preparations might explain these findings. Myokinase catalyzes the re- 
versible reaction (5) 
(1) ATP + AMP @ 2ADP 


If the enzyme particles contain not only myokinase but also traces of ATP, 
then a mechanism would exist for the formation of ADP from added AMP. 
Albaum has found that the cyclophorase preparations of Green et al. (8) 
contain significant quantities of ATP (9). Since the enzyme preparations 
used in the present study are quite similar in nature, it is probable that 
they also contain ATP. However, a difficulty in accepting this mechanism 


TaBLeE I 
Effect of Fluoride on Oxidative Phosphorylation of AMP and ADP 
The vessels contained 0.005 m MgCle, 0.02 m glycyglycine, pH 7.4, 1.5 X 10-5 m 
cytochrome c, 0.0005 m diphosphopyridine nucleotide, 0.02 m dl-8-hydroxybutyrate, 
0.004 m adenine nucleotides, orthophosphate and fluoride as indicated, 0.5 ml. of sus- 
pension of enzyme in 0.15 m KCl, and water to make a total volume of 2.0 ml. 
Temperature, 20°. 








Time Acceptor NaF Acetoacetate | Orthophosphate P: AcAc* 
min. M pM pM 
0 AMP 0.01 0.00 8.90 
25 ss 0.000 2.27 6.65 0.99 
25 “ 0.005 2.50 6.45 0.98 
25 ie 0.01 2.33 6.45 1.05 
25 % 0.02 1.99 8.55 0.17 
25 sa 0.03 1.94 8.90 0.00 
0 ADP 0.01 0.00 10.56 
25 | 0.00 2.29 8.75 0.79 
25 ie 0.005 2.24 7.12 1.53 
25 es 0.01 2.29 6.45 1.79 
25 ee 0.02 2.33 5.30 2.26 
25 ee 0.03 2.24 5.81 2.12 




















*P:AcAc = P:O (1). 


is the statement of Colowick and Kalckar (4) that myokinase is not pres- 
ent in the liver. Furthermore, although myokinase appears to require 


_ Mg*+ for activation (5), apparently no data have been reported on the 
ion of § 


effect. of fluoride on the enzyme. More recently Kotelnikova (10) has 
reported that myokinase exists in liver and other tissues which Colowick 


' and Kalckar had stated to be devoid of the enzyme. It is possible, though 


not stated, that the assay used by Colowick and Kalckar was based on the 
assumption that myokinase from any source would have the same remark- 
able stability to acid and heat shown by the enzyme in muscle extracts; 
Kotelnikova has found that the myokinase activity of liver does not with- 
stand the combined action of heat and acid. There is no information in 
the literature on the presence of myokinase in mitochondria. 
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The effect of added myokinase (prepared from rabbit or rat muscle) and 
small amounts of ATP on systems showing no phosphorylation of AMP at 
high fluoride levels was then tested. The activity of this preparation of 
myokinase was assayed by the method described by Kalckar (5); 0.1 ml. of 
the preparation caused the “dismutation” of 6 to 8 um of ADP in 10 min. 
utes at 20°. In Table II are shown some typical data on the effect of 
added myokinase. It is seen that graded additions of muscle myokinase 
to such a system produced corresponding increases in phosphate uptake, 
When 0.0002 m ATP was added in addition to myokinase, the phosphate 
uptake was restored to a level attained when ADP was tested as phosphate 
acceptor. In other experiments it was found that added myokinase had 


TasieE II 
Effect of Muscle Myokinase on Phosphorylation of AMP 


Experimental details as in Table I. Same enzyme preparation used throughout. 
Temperature, 20°. 











Time Acceptor | NaF Other additions ——_ Be oA P: AcAc 
min. M BM pM 
0 ADP 0.01 0.00 7.75 
20 ob 0.01 2.48 2.58 2.08 
20 s 0.03 2.94 2.71 1.72 
0 AMP 0.01 0.00 7.55 
20 = 0.01 2.65 4.52 1.15 
20 " 0.03 : 2.69 8.07 —0.19 
20 “ 0.03 | 0.1 ml. myokinase 2.48 5.84 0.65 
20 ‘i 0.03 | 0.2 “ ea 2.48 | 4.90 1.07 
20 ig 0.03 Om *§ ne 2.17 va | 1.30 
20 es 0.03 03 * vy 1.81 4.14 1.89 
+ 0.0002 m ATP 























no effect whatsoever on the phosphorylation of ADP. These findings, 
then, were consistent with the mechanism postulated above, but are not 
sufficient evidence to establish it as underlying the fluoride effect. 

The particulate liver preparations of the type used in this study were 


then tested for myokinase activity. The assay system contained Mgt, | 


large excess of yeast hexokinase, glucose, and ADP in a bicarbonate buffer. 
Addition of partially purified muscle myokinase to this system causes acid 
formation and a decline in the acid-labile P (A7P), owing to the conversion 


system is complicated by the presence of phosphatases in such prepatri 


A7P without phosphorylation of glucose. The CO, retention in such sy* 
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tems is also very high and manometric data are hence uncertain. If the 
assay of such preparations was carried out in the presence of 0.01 m NaF, 
phosphatase activity was inhibited sufficiently so that it became relatively 
negligible. Such conditions do not allow accurate determination of the 
extent to which myokinase of liver is inhibited by fluoride. However, by 
comparing myokinase activity at two levels of fluoride, 0.01 m and 0.03 , 
at least the relative effect of the higher concentration of fluoride could be 
determined. In Table III are shown data collected when rat liver par- 
ticles were tested in a concentration equivalent to that usually employed in 
the experiments on oxidative phosphorylation. 

It is seen that the liver particles caused a decrease in A7P in the com- 


Tas.e III 
Myokinase Activity of Rat Liver Particles 
The vessels contained 0.02 m NaHCOs, 0.007 m MgCle, 0.50 ml. of yeast hexo- 
kinase preparation, 0.30 ml. of washed liver particles in 0.15 m KCl, 0.008 m ADP, 
and 0.05 m glucose and fluoride as indicated. Total volume, made up with distilled 
H,0, 1.60 ml. Gas phase, 95 per cent N2-5 per cent COz. Reaction started by ad- 


dition of ADP. The vessels without glucose indicate the extent of phosphatase 
activity. Time, 20 minutes. Temperature, 30°. 

















Experiment No. NaF Glucose Decrease in A7P ss et a 
M pM 

1 0.01 _ 0.07 
0.01 + 3.10 
0.03 - 0.06 
0.03 + 1.78 43 

2 0.01 +. 3.75 
0.03 + 1.80 52 











plete myokinase assay system. Very little change occurred on omission 
of glucose, a control for phosphatase activity. Also it is seen that the my- 
okinase action is some 50 per cent less at 0.03 m NaF than at 0.01 mM. The 
absolute amount of fluoride inhibition is of course not revealed by this 
experiment. It may, however, be concluded that liver particles contain a 
fluoride-sensitive myokinase.! Other experiments showed that this could 
be obtained in soluble form from rat liver mitochondria by disrupting the 
latter in the Waring blendor; the myokinase activity in the supernatant 


_ fluid could then be concentrated by ammonium sulfate fractionation. The 


activity of such fractions did not survive combined acid and heat, in con- 
firmation of the findings of Kotelnikova. The liver enzyme thus differs 


‘Since this manuscript was accepted for publication an additional paper by Ko- 


_ telnikova (11) has appeared, in which it is shown that myokinase of rabbit mus- 


cle, heart, and liver is inhibited by fluoride. The magnitude of the inhibitions 
found by this worker is similar to that found in our study. 
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from that of muscle. Myokinase activity was also found in rat heart 
muscle, kidney, and brain homogenates. In all cases tested such activity 
was found to be sensitive to fluoride, as was the myokinase activity of skel- 
etal muscle. Although the data reported do not prove unequivocally that 
fluoride sensitivity of the myokinase in the particles is responsible for lack 
of phosphorylation of AMP at high fluoride concentrations, they do pro- 
vide extremely strong evidence that this is the basic mechanism. 

Since the measurements of P:O ratios reported in an earlier paper (1) 
were made with adenylic acid as acceptor, it now appears very likely that 
they do not represent maximum ratios attainable with this system. Ac- 
tually many measurements yielding values substantially above 2.0 (not 
corrected for considerable dephosphorylation losses) have been made with 
ADP as acceptor in the course of this work. 

It may also be pointed out that studies of selective inhibition of oxida- 
tive phosphorylation by different chemical agents made with adenylic acid 
as added intermediate phosphate “carrier” may be open to the question 
that such effects could be due to inhibition of myokinase rather than, or in 
addition to, inhibition of the oxidative phosphorylation process per se. 


SUMMARY 


High concentrations of fluoride abolish oxidative phosphorylation of 
muscle adenylic acid by particulate matter of rat liver but increase P:0 
ratios when adenosinediphosphate is used as acceptor. Phosphorylation 
of adenylic acid under these conditions can be restored by addition of puri- 
fied muscle myokinase and trace amounts of adenosinetriphosphate. Liver 
particles were shown to contain myokinase activity which is sensitive to 
high concentrations of fluoride. It therefore appears probable that aden- 
osinediphosphate is the primary phosphate acceptor during oxidative phos- 
phorylation and that phosphorylation of adenylic acid is a secondary 
process dependent on myokinase activity which can be interrupted by 
inhibiting myokinase with fluoride. 
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PHOSPHORYLATION COUPLED TO OXIDATION OF 
DIHYDRODIPHOSPHOPYRIDINE NUCLEOTIDE* 
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Chicago, Illinois) 
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It has been shown in this laboratory that aerobic incubation of dihydro- 
diphosphopyridine nucleotide (DPNH:2) with a properly supplemented 
suspension of particulate elements of rat liver caused extensive incorpora- 
tion of inorganic phosphate labeled with P® into a form having the proper- 
ties of the acid-labile group of adenosinetriphosphate (ATP) (1, 2). Such 
incorporation did not occur under nitrogen, in the absence of Mgt+ or 
ATP, or when the oxidized form of the nucleotide (DPN) was substituted 
for DPNH2. It was concluded that oxidative phosphorylation had oc- 
curred coupled to the passage of electrons from DPNH, to oxygen via the 
cytochrome system, but no conclusion could be drawn from these data con- 
cerning the quantitative relationship between phosphorylation and oxida- 
tion. These findings were substantiated by subsequent work in which the 
DPN-linked 8-hydroxybutyric dehydrogenase was used to generate 
DPNH, continuously from DPN and the substrate (3, 4). In the latter 
case it was not only possible to observe P® uptake coupled to this DPN- 
linked oxidation, but it was also found possible to measure the P:O ratio 
directly in non-isotopic experiments with adenylic acid as phosphate ac- 
ceptor (4). A sufficiently large proportion of the measurements yielded 
values over 2.0 (uncorrected for dephosphorylation losses of known and 
relatively large magnitude) to warrant the tentative conclusion that the 
actual ratio is 3.0. 

In this paper experiments are described in which highly purified DPN H2 
was used as the test substrate to determine directly in non-isotopic experi- 
ments the amount of phosphorylation occurring when electrons pass from 
DPNH, to oxygen by measurement of phosphate uptake. These experi- 
ments show in a direct way that most of the phosphorylation observed 
during the DPN-linked oxidation of 6-hydroxybutyrate to acetoacetate 
can be accounted for as being coupled to the oxidation of DPNH». In 
addition, a number of observations were made which have a bearing on the 
question of the existence of permeability or “availability” barriers in the 

* This investigation was supported by research grants from the Nutrition Founda- 
om Inc., and from the National Institutes of Health, United States Public Health 
service. 
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organized cellular components (mitochondria or “large granules”) in which | p 
phosphorylating oxidations are believed to take place. fe 
EXPERIMENTAL | “ 
The DPN and DPNE; preparations employed in this study were highly | __ ir 
purified materials. The DPN preparations were upwards of 87 per cent D 
pure. A combination of the counter-current purification of Hogeboom and al 
Barry (5) and the acid methanol-ethyl acetate treatment of Warburg and ex 
Christian (6) sufficed to achieve this purification, starting from commercial D 
samples of 45 to 66 per cent purity (Schwarz Laboratories, Inc.,! and | we 
Sigma Chemical Company products were used). It was found that most Si 
commercial preparations caused very troublesome emulsification in the to 
phenol-water system of Hogeboom and Barry, reducing both yield and in 
purity below figures obtained by the latter. In some cases emulsions D) 
could not be completely broken after hours of centrifugation. It was } Tl 
possible to obviate this difficulty by first subjecting the commercial DPN | as 
to the acid-methanol treatment as described by Warburg and Christian | wa 
(6), which not only removed emulsifying impurities but also achieved some ser 
purification, bringing the purity up to about 70 per cent in several prepara- sey 
tions. This material was then subjected to the four transfer phenol-water ] 
distribution of Hogeboom and Barry (5). The DPN recovered from Tubes wel 
0 and 1 of this procedure was combined and reprecipitated with alcohol. hy« 
The contents of Tube 2 were not used, since this material was of lower gas 
purity and represented only a small portion of the total DPN. In our kep 
experience the second sixteen tube distribution (water-phenol-chloroform ous 


system) described by Hogeboom and Barry did not raise the purity of the The 
contents of Tubes 0 and 1 more than about 3 per cent, and it was therefore by 
not used. This finding may, however, be true only for DPN of the puri- 6.23 
fication history outlined above. and 
The two techniques combined in the sequence described gave yields of | cya 
over 70 per cent of the starting DPN. The purity of several preparations, brot 
assayed by the reduction method of Gutcho and Stewart (7) (by use, how- | _ pita 
ever, of the constant 6.22 X 10° sq. cm. per mole (8), rather than the lower | _ prec 
constant 8.5 sq. cm. per mg. (5.64 X 10° sq. cm. per mole) employed by | cyar 
Gutcho and Stewart (7), Hogeboom and Barry (5), and LePage (9)), | wate 
ranged from 87 to 93 per cent on a dry weight basis. The loss in weight } final 
over P.O; at 60° under a high vacuum for 4 hours varied from 5.4 to72 > Bari 
per cent. These values are approximately equal to the purity of the best } fluid 
1 We wish to thank Mr. David Schwarz of the Schwarz Laboratories, Inc., for his ce 
cooperation in providing samples of DPN subjected to different histories of pur- € 
fication. An ¢ 
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preparations described by Hogeboom and Barry (5), if we allow for the 
fact that the latter authors used a lower extinction coefficient. 

Preparations of DPNH: made by reduction with hydrosulfite and isola- 
ted as the disodium salt, as described by Ohlmeyer (10), never approached 
in our hands the purity obtained by him or by Drabkin (11), even when the 
DPN used as starting material was over 90 per cent pure. Sodium sulfite 
and sulfate were the major contaminants. A variety of modifications was 
examined with the hope of improving the separation of the sodium salt of 
DPNH: from the inorganic salts. Also three different hydrosulfite samples 
were tested without success in improving the purity of the final product. 
Since both sulfite and sulfate have been found in unpublished experiments 
to have significantly large uncoupling effects on oxidative phosphorylation 
in concentrations in which they would be introduced as impurities in the 
DPNHz2, it was necessary to obtain material free of these contaminants. 
This was achieved by isolating DPN H, from Ohlmeyer’s reduction medium 
as the barium salt. Since the barium salt of DPNH, is very soluble in 
water and in 50 per cent ethanol, while barium sulfate and sulfite are es- 
sentially insoluble in 50 per cent ethanol, it was possible to achieve this 
separation. The details of a typical reduction and isolation follow. 

In a flask, 500 mg. of DPN (purity, 86 per cent; total of 662 um) 
were dissolved in 41.0 ml. of 1.3 per cent NaHCOs, and 250 mg. of sodium 
hydrosulfite were quickly added with swirling. The contents were then 
gassed with 95 per cent N2-5 per cent CO,. The vessel was closed and 
kept at 25° for 2 hours. At the end of this time the contents were vigor- 
ously gassed with oxygen for 15 minutes to oxidize excess hydrosulfite. 
The slightly yellow solution contained 650 um of DPNH: as determined 
by absorption at 340 my, with use of the molar extinction coefficient 
6.22 X 10° sq. cm. per mole (8). The solution was then chilled to 0° 
and to it were added dropwise with stirring 4.0 ml. of 2 m barium thio- 
cyanate. After addition was complete, the pH of the suspension was 
brought to 7.5 by addition of about 0.4 ml. of 2.5 n NaOH. The preci- 
pitated barium salts were removed by centrifugation and discarded. (This 
precipitate contains the bulk of the sulfite and sulfate.) Barium thio- 
cyanate was chosen, since this barium salt is quite soluble in ethanol- 
water mixtures and the presence of contaminating thiocyanate in the 
final product can be easily detected colorimetrically as the ferric complex. 
Barium iodide or bromide is also appropriate. To the clear supernatant 
fluid was added an equal volume of cold ethanol. After standing 20 
minutes, the slight flocculent precipitate was centrifuged and discarded. 
The clear, slightly yellow supernatant solution contained 579 um of DPNHp. 
An additional 5 volumes of cold ethanol were added to precipitate the 
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barium salt of DPNH:, which was recovered by centrifugation and washed 
and dried with absolute ethanol and finally ether. A total of 522 um of 
DPNH}, was recovered in the form of a slightly yellow powder weighing 
535 mg., indicating a purity of 85 per cent on the basis of the composition 
Co1H270uN7P2Ba-4H,O. This material was found to give a faint test for 
thiocyanate and contained considerable barium carbonate. It was dis- 
solved in 12.0 ml. of ice-cold CO.-free H,O, and some insoluble material 
was removed by centrifugation. Then 13.0 ml. of HO were added, fol- 
lowed by 25.0 ml. of ethanol, and the solution was clarified by centrifu- 
gation in the cold. The barium salt of DPNH: was then precipitated 
by slow addition of 140 ml. of cold ethanol and washed and dried with 
ethanol and ether. The material was dried over calcium chloride. It 
weighed 476 mg. and contained 501 um of Ba DPNH:.-4H,0, indicating a 
purity of 92 per cent and an over-all yield of 75 per cent. Yields in other 
preparations were generally lower (65 to 69 per cent). The substance 
was faintly yellow in color and readily soluble in water to give a clear 
solution. On drying in a high vacuum over P.O; at 60° for 4 hours, it 
lost 7.45 per cent of its weight, slightly less than calculated for 4 moles 
of H.O per mole of DPNHe. Drying at 100° caused a loss of weight cor- 
responding to nearly 7 moles of H,O. The material contained less than 
0.004 um of —SCN per micromole of DPNHb, estimated colorimetrically 
as the ferric complex. The material contained carbonate or bicarbonate 
as measured manometrically in a Warburg vessel by tipping acid into an 
aqueous solution of the material in CO,.-free water. The evolved gas was 
completely absorbable by NaOH. Calculated as BaCOs;, this impurity 
amounted to 3.9 per cent. Analysis, found, N 11.4, P 7.01 per cent (on 
the basis of desiccator-dry weight, as given above); calculated for 
Co1Ha7OuP2Ba-4H.O, N 11.23, P 7.10 per cent. From the analytical and 
spectrophotometric data presented it appears permissible to conclude that 
the preparation is about 92 per cent pure and that about half of the 8 per 
cent impurity is BaCO;. It is possible that the rest may be moisture not 
removed at 60°, but labile at 100°. 


Six preparations have been made by this method and they showed | 


purities, uncorrected for content of BaCO; and tightly bound water, from 
85.7 to 96.8 per cent. The ratio of the molar extinction coefficient at 340 
mu to that of 260 mu, the peak of the adenine absorption, was found to 


vary from 0.348 to 0.368 at pH 7.4. The latter ratio was that of the | 


best preparation and corresponds to that given by the preparation of 
Drabkin (11). The molar extinction coefficient at 260 my of the best 
preparation was 16.9 X 10° sq. cm. per mole. The molar extinction co- 
efficient at 400 mu of the best preparation was less than 0.02 X 10° sq. 
cm. per mole. There was no significant indication of the presence of the 


monohydro form as judged by the absorption at 380 my and higher wave | 
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lengths. The 340 mu absorption was completely discharged by treatment 
with lactic dehydrogenase and an excess of sodium pyruvate. 

The method described above has also been applied to impure specimens 
of DPN of 0.45 to 0.66 per cent purity. However, no great purification 
was achieved by reducing such material and isolating DPNH, as the ba- 
rium salt. Since adenylic acid, a frequent contaminant, also forms a water- 
soluble alcohol-insoluble barium salt, it would be expected to appear in the 
final product. The purer preparations described above appeared rather 
stable in the cold over calcium chloride. Preparations held in a desiccator 
for a year at room temperature showed a decline of the 340:260 ratio to 
about 0.26 and decline of enzymatic assay values to about 70 per cent 
purity. Only a small part of this loss was due to autoxidation to DPN. 

For use in the experiments to be described the barium salt was dis- 
solved in water (10 to 20 um per ml.) and the barium was precipitated by 
a 100 per cent molar excess of 0.1 mM phosphate buffer, pH 7.8. After 
chilling for a half hour, the barium phosphate was centrifuged. There was 
no measurable adsorption of DPNH: on the barium phosphate. Such 
stock solutions, containing 10 um of DPNH: and 10 yum of inorganic phos- 
phate at pH 7.4, were found to be stable for some days in the frozen state. 
Such solutions did not decolorize methylene blue anaerobically. They 
slowly reduced cytochrome ¢ non-enzymatically over a period of 90 minutes 
at room temperature. 

The adenosinediphosphate used in these experiments was obtained from 
the Sigma Chemical Company, and, although analytical data indicated 
the presence of adenylic acid, the preparations were of sufficient purity for 
these experiments. 

The preparations of rat liver enzyme were made exactly as described be- 
fore (12); they were taken up in either ice-cold 0.15 m KCl or distilled H,O 
as indicated and used immediately. In the text the two types of prep- 
arations are referred to as “KCl suspension” and ‘HO suspension.” 
These suspensions are known to contain both mitochondria and nuclei. 

DPN was determined enzymatically in neutralized trichloroacetic acid 
filtrates with yeast alcohol dehydrogenase? (13) and ethanol at pH 8.8 
(14). DPNH, was determined enzymatically with yeast alcohol dehydro- 
genase and acetaldehyde as acceptor at pH 7.2 in clear filtrates obtained 
when the reaction medium was heated for 1 minute in a boiling water 
bath. The loss on heating was found to be about 4 per cent under these 
conditions and the data given are corrected for such losses. 

Factors Affecting Rate of Oxidation of DPNH.—The rate of oxidation of 
DPNH2 by suspensions of rat liver particles supplemented with the com- 
ponents used in the oxidative phosphorylation experiments (Mgtt, HPO, ", 
KCl, adenosinediphosphate (ADP), NaF, cytochrome c, and glycylglycine 

* Kindly donated by Dr. Simon Black. 
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buffer) depended in an unexpected but reproducible way on the history t 
of the enzyme preparation and the concentration of cytochrome c. At t 
a cytochrome c concentration of 1.5 X 10- m (this is a saturating con- a 
centration for maximal activity of the succinoxidase system in rat liver T 
homogenates (15)), DPNH: was oxidized several fold faster by liver par- vi 
ai 
6.0 CALCULATED O2 UPTAKE FOR DPNH. ADDED al 
cl 
5.0 » OD 
% 5 Ww 
s 40 
N 
fo) 
A B 
$ 30 
- ’ 
S } 
S od A= H0-TREATED PARTICLES 
> B= KCI - TREATED PARTICLES 
1.0 
° 
10 20 30 


TIME 

Fic. 1. The effect of water treatment of liver particles on the rate of DPNH; oxi- ) 
dation. The Warburg vessels contained final concentrations of 0.005 m MgCls, 0.075 
m KCl (the total concentration of KCl in each vessel compensated for that intro- 


duced with enzyme suspension), 0.002 m ADP, 0.003 m HPO,", 1.5 X 10-5 m cyto- F 
chrome c, 0.02  glycylglycine buffer, pH 7.4, 0.03 m NaF, and 5.90 um of DPNH: (de- exp 
termined spectrophotometrically) in a total volume, including enzyme, of 2.0 ml. par 
Enzyme suspension (0.30 ml., particles derived from 50 mg. of whole liver) was pres- 
ent in the main chamber with other components for 5 minutes temperature equili- | % . 
bration at 21°; DPNH: was tipped in from side arm at end of equilibration period. cyt 
The endogenous oxygen uptake in presence of DPN or in absence of nucleotide was 7 
0.6 microatom of oxygen at 40 minutes. The values in graph have been corrected on 
for the small endogenous changes. Time in minutes. yt 
OK 


ticles which had been suspended in H,O for a period of 5 minutes at 0° 
prior to the incubation than by particles which had been held in 0.15 ton 
KCl. In such experiments KCl was added to the flask containing the on | 
water-treated particles to yield the same final salt concentration in both the 
vessels; therefore the only difference was in the exposure of the enzyme virt 
particles to the H,O and KCl media for 5 minutes before addition to the slg 
vessels. The endogenous oxygen uptakes (absence of added DPNHz2) were tion 
insignificant. This effect of pretreatment of the enzyme particles on the read 
rate of oxidation of DPNH: was reproducibly observed, and oxygen up- of a 
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take curves of a typical experiment are shown in Fig 1. It will be seen 
that the half period of complete oxidation with the H,O suspension was 
about 2.5 minutes; that with the KCl-suspension was about 11 minutes. 
The amount of oxygen ultimately taken up in all experiments of this type 
was within about 5 per cent of that calculated from the light absorption 
at 340 my of the stock solution of DPNH: employed. The error was 
always in the direction of a slightly smaller oxygen uptake, and this defi- 
ciency may have been due to non-oxidative destruction of some of the 
DPNH:z (see below). The cytochrome c in the vessels in these experiments 
was very largely in the reduced form until near the end of the oxidation, 
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Fig. 2. Effect of cytochrome c concentration on rate of DPNH: oxidation. The 
experimental conditions were as described in Fig. 1. The KCl suspension of liver 
particles was used. Temperature, 19°. Time in minutes. 


as judged by visual observation of the characteristic pink color of ferro- 
cytochrome c. 

The rate of oxidation of DPNH: depended also in an unexpected way 
on the concentration of cytochrome c. In Fig. 2 is shown the effect of 
cytochrome ¢ concentration on the rate of oxidation of DPNH: by the 
“KCl enzyme.” In Fig. 3 is shown the effect of cytochrome c concentra- 
tion on the rate of oxidation of B-hydroxybutyrate in control experiments 
on the same enzyme preparations. The first point of interest is that in 
the absence of added cytochrome c the rate of oxidation of DPNH: is 
virtually nil; yet, in the absence of added cytochrome c 6-hydroxybutyrate 
is oxidized rapidly, though not maximally, by the same enzyme prepara- 
tion under very similar conditions. These enzyme preparations will also 
readily oxidize Krebs cycle intermediates and fatty acids in the absence 
of added cytochrome c. There appears to be sufficient cytochrome c 
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within the particles for oxidation of such substrates, but this cytochrome ant 
does not appear to be readily available to externally added DPNHe. Ox- dre 
idation of DPNH: did take place when cytochrome c was added to the bel 
vessels, and, as the cytochrome ¢c concentration was increased to very high DP 
levels (0.00015 m), the DPNH) was oxidized at progressively higher rates, | P 
which, in the instance of the highest level, was so high that it could notbe | ayy 
measured accurately. Under the same circumstances the rate of oxidation | ida, 
of B-hydroxybutyrate did not increase at all with increase in cytochrome | on 
concentration above the level of about 1 X 10-° m cytochrome ¢, indi- | gtn 
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Fig. 3. Effect of cytochrome c concentration on the rate of oxidation of - alm 
hydroxybutyrate. The experimental details are as described in Fig. 2, except that acti 
DPNH; was substituted by 0.02 m dl-8-hydroxybutyrate plus 0.001 m DPN. Tem- with 
perature, 19°. Time in minutes. P iso. 
. , s ing 
cating that the system was already saturated with cytochrome c. The | oh 


succinoxidase system under these conditions is likewise saturated at about | ites 
1 X 10-° m cytochrome c. At all levels of cytochrome c in the DPNH; DP} 
experiments the cytochrome was essentially in the reduced state through- ; 


; : abse 
out the period of active oxidation, as judged visually. When the H,0 - ; 
suspension was tested with the higher levels of cytochrome c (0.00015 m), acid 
the oxidation of DPNH: was substantially complete in a matter of a min- } pe 
ute. ' 

mecl 


These findings are perhaps difficult to explain in detail in terms of mito- | DP) 
chondrial structure on the basis of present knowledge, but they strongly ; 


does 
indicate the existence of permeability or other structural barriers to free <i 


h s 

diffusion of DPNH;, to the active centers of the highly organized mitochon- : - 
. : : : ; m I 
drial body. In this connection, it may be mentioned that Huennekens / pa 
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and Green (16, 17) have obtained evidence that the DPN-linked dehy- 
drogenases of mitochondrial systems contain tightly bound DPN which 
behaves differently toward autolytic enzymes than does ‘‘externally added” 
DPN. 

Although the experiments outlined above served to clarify a number of 
apparently erratic and discordant preliminary experiments on DPNH;? ox- 
idation and phosphorylation, they also presented the possibility that dem- 
onstration of coupled phosphorylation might likewise be dependent on 
structural factors. 

P:0 Ratio of DPN Hz Oxidation—The observations already described on 
the factors affecting the rate of DPNHp, oxidation served as a guide in 
choosing conditions for studying the P:O ratio of the oxidation, since it 
was desirable to have a slow enough oxidation for accurate measurements 
of oxygen uptake and at the same time not so slow that a non-oxidative 
destruction of DPNH: or DPN became a serious problem. The corre- 
lation of the rate of disappearance of DPNH, and the rate of appearance 
of DPN, the oxidation product, with the rate of oxygen uptake was under- 
taken. ‘To this end balance experiments were performed in which oxygen 
uptake was measured manometrically, and DPNHp: disappearance and 
DPN formation were measured enzymatically with alcohol dehydrogenase 
in heated filtrates from identical vessels. The data obtained from one of 
four such experiments are presented in Fig. 4. It will be seen that the 
rate of disappearance of DPN He, measured spectrophotometrically, agrees 
almost exactly with the rate of oxygen uptake throughout most of the re- 
action course. The rate of formation of DPN also coincides fairly well 
with the rate of oxygen uptake until about 50 per cent of the DPNH:2 
is oxidized, and then falls off. A virtually identical picture was obtained 
in a similar experiment with HO suspension instead of KCl suspension. 
The falling off of DPN levels is due to selective destruction of the oxi- 
dized nucleotide, as shown by a control experiment. In this experiment 
DPNH: and DPN (0.003 mM) were incubated in separate vessels in the 
absence of added cytochrome c under nitrogen. In 20 minutes 54 per cent 
of the DPN, measured enzymatically in the neutralized trichloroacetic 
acid filtrate, disappeared, whereas only 13 per cent of the DPNH) dis- 
appeared, as measured spectrophotometrically in heated filtrates. The 
mechanism of destruction was not studied in detail. It is known that the 
DPNase acting on the nicotinamide-ribose linkage is specific for DPN and 
does not attack DPNH, (18). Some evidence was obtained that the pyro- 
phosphatase type of cleavage (19) (which is more active on DPNH, than 
on DPN) takes place in these preparations, since disappearance of en- 
zymatically active DPNH; occurs at a greater rate than the disappearance 
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of 340 my absorption. Since dihydronicotinamide mononucleotide has the Oxi 
same extinction coefficient as DPNH: at 340 my, but is not oxidized by of 
alcohol dehydrogenase (19), this finding indicates that some cleavage of eacl 
DPNH; at the pyrophosphate bond occurred. DP’ 
The experiment charted in Fig. 4 demonstrated that the spectrophoto- whe 
metric measurement of DPNH:2 disappearance was equivalent to mano- omi 
metric measurement of oxygen taken up under the special conditions out- P:C 
lined (at least until some 75 per cent of the DPNH: had disappeared) indi 
} prey 
| The 
| CALCULATED O2 UPTAKE FOR DPNH> ADDED Savi 

50 
O> UPTAK diffe 
: ” a Insu 

H 

F £40 DISAPPEARANCE actu 
5 diffe 
5 to a 
g°° lree 

3¢ DPN FORMATION ” 
EQ In 
g phos 
= hydr 
” } 
1.0 as si 
ratio 
are | 
fe) 5 10 15 20 25 30 com} 
Fig. 4. Correlation of oxygen uptake, DPNH: disappearance, and DPN appear- for s 
ance during oxidation of DPNH2. 02 uptake measured manometrically at 22° in and 1 
system exactly as described for Fig. 1, with KCl suspension and 10-5 m cytochrome be a 
c. DPNH:2 and DPN measurements made on identical vessels stopped at the times com 
(in minutes, abscissa) indicated. Analytical details in the text. Th 
e 


and therefore simplified study of the P:O ratio of DPNH, oxidation, since lower 
the relatively cumbersome manometric method could be dispensed with | Kreb 
in favor of a simpler, much more sensitive spectrophotometric determina- pear 
tion. In measurements of the P:DPNH: ratio pairs of identical vessels Alt 
were prepared containing Mgt*+, KCl, DPNH:2 (or DPN, or B-hydroxy- | sary ; 
butyrate + DPN, or H.0), HPO., ADP, NaF, cytochrome c and gly- | after. 


cylglycine buffer. At zero time enzyme suspension was added to each of | matic 
the vessels. At the specified times one vessel was fixed with trichloro- a 
“11 


acetic acid and the other with cold 1 per cent Na,CO;. Phosphate ex- alike 
changes and DPN were measured in the trichloroacetic acid filtrate (DPN | inacti 
is stable in acid but not in base) and DPNH: disappearance was measured | destri 


spectrophotometrically in the alkali-fixed medium after centrifugation. | “Use 
pearec 
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Oxidation of DPNH, is effectively stopped by this method.2 The data 
of a series of experiments are shown in Table I. It will be seen that in 
each case inorganic phosphate disappears concurrently with oxidation of 
DPNH2. No inorganic phosphate, or only negligible amounts, disappears 
when DPN is substituted for DPNH: or when pyridine nucleotides are 
omitted entirely. The P:DPNH, ratios observed (assumed equal to the 
P:0 ratios) vary from a low of 0.40 to a high of 1.89 in the series of ten 
individual measurements. It is also seen that in general the H,O-treated 
preparations yield higher P: DPNH: ratios than those suspended in KCl. 
The difference is not due to a significant difference in phosphatase ac- 
tivity, since control experiments established that there were no significant 
differences between the preparations in rate of dephosphorylation of ATP. 
Insufficient data are at hand to conclude that the H,O suspensions are 
actually more effective in phosphorylation, but in any event a significant 
difference could be expected if the permeability or availability of DPNH: 
to active phosphorylating sites may vary with preparative history, as has 
already been shown for the oxidation. 

In Experiments 4, 4A, 5, and 5A a comparison is made of efficiency of 
phosphorylation during DPNH, oxidation and during the oxidation of 6- 
hydroxybutyrate to acetoacetate with the same enzyme preparation under 
as similar conditions as could be arranged. It is seen that the P: DPNH: 
ratios are somewhat lower than the P to acetoacetate ratios, but the former 
are high enough to account for most of the phosphorylation shown by the 
complete 6-hydroxybutyrate-O. system. If any allowance can be made 
for structural barriers to the entry of DPNH, to phosphorylating sites, 
and this appears reasonable, it is possible that all the phosphorylation may 
be accounted for. However, two major factors appeared to rule against 
completely satisfactory experimental accounting of the phosphorylations. 
The first of these is the fact that the H,O-treated particles generally yield 
lower P:O ratios than untreated particles when §-hydroxybutyrate or 
Krebs cycle intermediates are employed as substrates, whereas they ap- 
pear to give, from the limited data available, somewhat higher P:0O ratios 


‘Although DPNH: is stable to concentrations of Na,CO; used, it was found neces- 
sary to remove the particulate material by centrifugation in the cold immediately 
after addition of NasCO;3. The supernatants were then brought to pH 7.2 for enzy- 
matic assay of DPNH2. It was found that the liver particles catalyzed the ‘‘pyro- 
phosphate”’ cleavage of DPNH;z in the presence of Na:COs; (pH 10.7), as shown by a 
decline in DPNH: content when measured with alcohol dehydrogenase not accom- 
panied by a decline in 340 my absorption of the suspension, indicating that the 
inactivation process took place without affecting the dihydropyridine moiety. This 
destruction was enzymatic; omission of particles or addition of heated particles 
caused no significant decline in DPNH:2 with time. The effect of the particles ap- 
peared to be more pronounced at pH 10.7 than at neutrality. 
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Tasie | 
Measurement of P:DPNHz Ratios 


Duplicate vessels (see the text) contained 0.005 m MgClz, 0.075 m KCl (compen- 
sated for KCl introduced with the enzyme), 0.002 to 0.004 m ADP, 0.02 m glycylgly- 
cine buffer, pH 7.4, cytochrome c, orthophosphate, and DPNH: in the concentra- 
tions indicated, and 0.03 m NaF. Each vessel received 0.30 ml. of the indicated 
particle suspension (particles derived from 50 mg. of wet weight whole rat liver) to 
make a total volume of 2.0 ml. Temperatures in the different experiments ranged 
from 17-24°. Experiments 4A and 5A contain data on control experiments with 
the enzyme preparations of Experiments 4 and 5. In these, 0.02 m 6-hydroxy- 
butyrate and 0.001 m DPN replaced DPNH2. Analytical methods described in the 
text. 



































a Enzyme type Cytochrome ¢ Time saaaete DPNH2 | P:DPNH: 
M min. pM pM 
1 KCl 1 aos 0 9.96 9.44 
13 5.98 5.76 1.08 
20 4.14 1.24 0.71 
(DPNH:2 omitted) 0 9.01 
CPR eS 20 11.42 
2 H:0 4X 10-8 0 4.72 4.94 
8 2.81 3.92 1.89 
15 1.96 3.13 1.52 
(0.003 m DPN in- 0 7.43 
stead of DPNH2) 17 7.27 
3 KCl 1a XK a0 0 4.83 5.24 
10 3.99 4.16 0.78 
16 3.50 2.91 0.40 
(0.003 m DPN in- 0 6.42 
stead of DPNH2) 14 6.94 
4 H:0 Dex 10r? 0 4.83 5.48 
7 2.45 3.68 1.32 
11 1.55 2.70 1.18 
5 " 3X 10-° 0 6.92 4.84 
10 4.84 3.43 1.48 
14 3.80 2.61 1.40 
6-Hydroxybutyrate controls 
P feste, | Pike 
4A H,0 1:6-X 160-5 0 8.24 0.30 
30 3.25 3.64 1.50 
5A ic 3 X 10-° 0 9.01 0.16 
32 4.15 3.23 1.54 
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when DPNH is the substrate. Furthermore, the P:O ratios tested with 
g-hydroxybutyrate as substrate have been found to decline faster with 
time in H,O-treated preparations. Secondly, the enzyme particle con- 
centration is quite low in these experiments and under these conditions 
P:O ratios with 6-hydroxybutyrate as substrate have not been as high as 
can be realized with higher enzyme concentrations. It may also be 
pointed out here that the use of much higher concentrations of DPNH: 
in order to achieve greater oxidative and phosphorylation exchanges leads 
to lower P:O ratios. High concentrations of DPNH, or DPN of high 
purity have been found to uncouple phosphorylation quite significantly. 
At 0.005 m DPN, P:O ratios of the 6-hydroxybutyrate system are de- 
pressed some 20 to 50 per cent without significant inhibition of the rate 
of oxidation. 

In two other experiments with DPNH; as substrate, not listed in Table 
I, no net phosphorylation was observed. An old preparation of DPNH:, 
originally 88 per cent pure but assaying 38 per cent (enzymatic assay) 
at the time of the experiment, was found to be readily and completely 
oxidized by the liver particles, with P: DPNH: ratios, in two measure- 
ments, of 1.12 and 0.78. 


DISCUSSION 


The direct determinations of the P: DPNH: ratios reported in this paper 
fully bear out the tentative conclusions reached in earlier experiments in 
which P® was used as a tracer to follow phosphorylative events. Since 
the tracer technique gave no quantitative information on the P:0O ratio, 
the experiments described here rule out the permissible interpretation that 
the P® incorporation observed earlier may have corresponded to relatively 
minor phosphate exchanges. These experiments therefore show in a direct 
way that phosphorylation sites do exist above the primary coenzyme level 
in the electron transport chain, as had been suggested on thermodynamic 
grounds by Belitser and Tsibakova (20), Lipmann (21), and others. 

It should be pointed out here that the P: DPNH: and P:AcAc ratios 
recorded in this paper have not been corrected for dephosphorylation los- 
ses. Such losses are relatively high when ADP is used as acceptor. Pre- 
vious work has indicated the magnitude of such losses under very nearly 
the same conditions as were used in these experiments (4). 

Attempts to obtain a more satisfactory and complete accounting for all 
the phosphorylations coupled to oxidation of $-hydroxybutyrate and 
DPN Hb, did not appear profitable in view of the permeability factor dem- 
onstrated, the lability of phosphorylating activity of the H.O suspension, 
the considerable phosphate “Jeaks,”’ and the difficulty of arranging com- 
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pletely similar experimental conditions for such comparisons. In addi- 
tion, the large amount of highly purified DPNHp: required has been a de- 
terrent not only to such comparative experiments but also for fuller ex- 
amination of the factors of permeability and the optimal conditions for 
DPNH.,-linked oxidative phosphorylation. 

The possible existence of permeability barriers in the mitochondria to 
substances like DPNH, or perhaps to larger molecules like cytochrome ¢ 
may be a serious obstacle to further experimentation designed to identify 
the phosphorylating loci in the electron transport chain. However, the 
existence of such barriers poses some new questions of interest regarding 
the intracellular physiology of metabolic exchanges between the mitochon- 
dria and the soluble portion of the cytoplasm. 


SUMMARY 


In this investigation conditions have been determined for the direct 
demonstration that orthophosphate uptake occurs coupled to the aerobic 
oxidation of high concentrations of dihydrodiphosphopyridine nucleotide 
(DPNH.:) by suitably supplemented suspensions of washed particles of rat 
liver. The preparation of a highly purified barium salt of DPNH, has 
been described. The rate of oxidation of DPNH:2 by molecular oxygen in 
suspensions of washed particles of rat liver has been found to depend on 
the preparative history of the particles and on cytochrome c concentration. 
Particles pretreated under hypotonic conditions oxidized DPNH: at much 
higher rates than did untreated particles, indicating the existence of an 
osmotically sensitive permeability or availability barrier of the particles 
to DPNH:2. With untreated particles little DPNH: oxidation occurred 
unless cytochrome c was added, although the same particles unsupple- 
mented with cytochrome c readily oxidized substrates such as 6-hydroxy- 
butyrate or succinate. The “native” cytochrome c within the particles 
appears therefore to be largely unavailable for oxidation of externally 
added DPNH:2. In balance experiments the rate of DPN H: disappearance 
paralleled exactly the rate of oxygen uptake over a large part of the re- 
action course. By measuring DPNH: disappearance spectrophotometr- 
cally and the phosphate exchanges colorimetrically, values of the P:0 
(equal to P: DPNH:2) ratio of DPNH: oxidation have been determined. 
Values as high as 1.89, uncorrected for dephosphorylation losses, have been 
obtained. Comparative experiments showed that electron transport from 
DPNH; to oxygen very nearly accounts for all the phosphorylation ob- 
served when 6-hydroxybutyrate undergoes aerobic oxidation to acetoace- 
tate via the DPN-linked §-hydroxybutyric dehydrogenase. The data 
presented provide direct support for predictions based on thermodynamic 
considerations that a large part of phosphate uptake during oxidative phos- 
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\di- phorylation takes place during electron transport between primary 
de- coenzyme and oxygen. 

ex- 

for The author wishes to acknowledge the assistance of Dr. E. P. Kennedy 

and Dr. S. S. Barkulis and Sylvia Wagner Smith in the purification of 

. to various DPN samples. 
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ACTIVATION OF FATTY ACID OXIDATION BY DIHYDRO- 
DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By EUGENE P. KENNEDYf ano ALBERT L. LEHNINGER 


(From the Departments of Biochemistry and Surgery, University of Chicago, 
Chicago, Illinois) 


(Received for publication, November 30, 1950) 


There are strong indications that oxidative phosphorylation processes 
are involved in the activation (or “priming,” “sparking” (1)) of enzymatic 
fatty acid oxidation (1-5). Two major points of evidence exist: first, it is 
known that simultaneous oxidation of intermediates of the Krebs tricar- 
boxylic acid cycle under conditions in which oxidative phosphorylation 
may be observed is required to activate fatty acid oxidation, and, secondly, 
those substances which are known to uncouple oxidative phosphorylation 
are also inhibitory to fatty acid oxidation. Among the latter substances 
are 2,4-dinitrophenol and gramicidin (5), arsenite, methylene blue, bril- 
liant cresyl blue, and others.! The activation process does not appear 
to consist simply of a mechanism for generating adenosinetriphosphate 
(ATP) continuously; ATP alone does not suffice to activate the oxidation. 
It is presumed that some enzymatic event intermediate in oxidative phos- 
phorylation processes is involved in the priming phenomenon. In preced- 
ing papers it has been shown that the oxidation of dihydrodiphosphopyri- 
dine nucleotide (DPNH:) causes oxidative phosphorylation (6-9). It 
became of interest to learn whether the oxidation of DPNHe: could also 
activate fatty acid oxidation under appropriate conditions. Such informa- 
tion would bear on the question of the specific oxidative and phosphoryla- 
tive processes involved in the activation of fatty acid oxidation, since it is 
not known whether only the oxidative phosphorylations associated with 
the cycle are required or whether the additional presence of the cycle inter- 
mediates per se is necessary, or whether only the phosphorylations asso- 
ciated with specific oxidative steps are active (such as the step a-ketogluta- 
rate — succinate (10)). 

In this paper experiments are described which demonstrate that the 
oxidation of DPNH, (in the absence of added Krebs cycle intermediates) 
does in fact activate fatty acid oxidation in properly supplemented suspen- 

*This investigation was supported by a grant from the Nutrition Foundation, 
Inc. 


+ Nutrition Foundation Fellow. Present address, Biochemical Research Labora- 
tory, Massachusetts General Hospital, Boston, Massachusetts. 
1 E. P. Kennedy, unpublished observations. 
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sions of rat liver mitochondria. Furthermore it is shown that when fatty no 
acid oxidation is initiated in this manner the yields of acetoacetate formed adi 
during the oxidation of the fatty acid approach those calculated for com- me 
plete oxidative conversion to acetoacetate, from both long and short chain ute 


even carbon acids. 

Methods—Two types of DPNH: preparations were employed in this 
study: highly purified preparations, free of sulfite, described in the preced- 
ing paper (9), and preparations made by the method of Ohlmeyer (11) 
from diphosphopyridine nucleotide (DPN) of 60 to 93 per cent purity. } 
The Ohlmeyer preparations were about 70 to 75 per cent pure. A large 


part of the impurity was found to be sodium bisulfite. DPNHp: wasesti- [| cho 
mated by methods already described (9). The enzyme preparations stud- a te 
ied consisted of mitochondria of rat liver isolated from 30 per cent sucrose [| °° 


homogenates by the method of Hogeboom, Schneider, and Pallade (12) as 
modified in this laboratory (13). In the experiments to be described it } 
was necessary to employ only those mitochondrial preparations sufficiently 88 
free of Krebs cycle intermediates so that no oxidation of fatty acids oc- ian 
curred in the test system unless succinate or some other intermediate of _ 
the Krebs cycle or DPNH: was added. These could be most consistently = 
obtained by washing the mitochondria successively with 30 per cent su- 
crose and 0.15 m KCl in that order, in the refrigerated centrifuge. How- 
ever, even under these conditions some preparations showed “endogenous” 
activation of fatty acid oxidation and these were of course not used for this 
study. Intensive study was made of other methods of preparation and 
washing of the mitochondrial particles to free them from endogenous prim- 
ing activity,? but, although such preparations were often obtained (ef. (2)), 
none of the other methods studied approached that outlined above in 
yielding, fairly consistently, preparations without endogenous priming ac- 
tivity. 

Priming of Fatty Acid Oxidation by DPNH,—In test systems containing 
Mgt, ATP, KCl, orthophosphate, cytochrome c, octanoate substrate, and 
rat liver mitochondria, oxidation of the fatty acid occurred when either 
succinate or DPNH: was oxidized simultaneously, but none occurred in 
the absence of priming agent or in the presence of equivalent concentra- 
tions of the oxidized form of the nucleotide (DPN). Typical data sup- F dese 
porting this statement are presented in Table I. It is seen that the oxi- cont 
dation of DPNHb, at an initial concentration of 0.003 m, activates fatty and 
acid oxidation as fully as 0.0005 m succinate (Experiment 1). In Experi- mitt 
ments 2 and 3 it is seen that DPN at the same or a higher concentration acid 
does not produce the activation given by DPNHe. It will be noted that colle 


the oxygen uptake values for oxidation of DPNH, in the absence of octa- nos 
10 t 


2 The authors are indebted to Dr. 8. 8. Barkulis for his assistance in this study. 
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noate are less than theoretical (calculated 4.5 um) for the amount of DPNH, 
added. ‘This is due to the fact that all components were present in the 
main compartment during the temperature equilibration period of 5 min- 
utes and a large part of the DPNH: was oxidized in that time. 

Such activation was observed with both types of DPNH; preparations 


TABLE I 
Priming of Fatty Acid Oxidation by DPNH:2 

The Warburg vessels contained 0.001 m ATP, 0.005 m MgCl, 10-§ m cytochrome 
c, 0.01 m orthophosphate, pH 7.4, 0.05 m KCl, priming agents in the concentrations 
listed below, and 0.90 to 1.20 ml. of mitochondria suspensions in 0.15 m KCl (mito- 
chondria derived from 250 to 400 mg. of fresh liver in the different experiments) in 
a total volume, made up with water, of 3.0 ml. Octanoate was present at 0.0016 m 
concentration or omitted as shown. The taps were closed after a 5 minute equilib- 
ration period at 30° and incubation was for 40 minutes. In Experiments 1 and 2, 
the DPNHz2 (70 per cent pure) was prepared by the method of Ohlmeyer. In Ex- 


periment 3 it was prepared by the method outlined in a preceding paper (9) and was 
88 per cent pure. 














Experiment No. Priming agent Octanoate O: uptake ——— 
BM BM 
1 None > 0.0 0.35 
. + 0.5 0.44 
DPNH; (0.003 m) _ 2.3 0.47 
ee + 10.5 6.00 
Succinate (0.0005 m) 2.3 0.24 
ee + 10.2 4.35 
2 DPN (0.002 m) - 0.4 0.23 
< + 1.2 0.47 
DPNH:z (0.003 m) _ 3.2 0.29 
$s + 9.5 4.50 
3 None - 0.0 0.30 
ee + 0.3 0.26 
DPNH: (0.003 m) - 3.0 0.00 
“ — 11.7 5.32 
DPN (0.004 m) _ 1.9 0.28 
. + 2.3 0.38 











described. Although the preparations made by the method of Ohlmeyer 
contained considerable sulfite, which inhibits phosphorylation significantly 
and prevents demonstration of maximum P:O ratios, they evidently per- 
mitted sufficient oxidative phosphorylation to take place to activate fatty 
acid oxidation. Actually most of the data presented in this paper were 
collected from experiments in which the more easily prepared Ohlmeyer 
material was used. Sulfite has no activating effect alone but shows slight 
(10 to 15 per cent) inhibitions of succinate-activated systems when tested 
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at 0.005 m concentration. 2,4-Dinitrophenol, at a level of 5 X 10 m, 
completely abolishes the priming action of DPNH2. 

In studying the course of the activation of octanoate oxidation with 
time, it was observed that after oxidation of the DPNH:2 was complete 
octanoate oxidation also ceased. However, it was observed that when less 
pure preparations of DPNH» were employed (approximately 50 per cent 
purity, made by the Ohlmeyer method from commercial DPN of about 50 
per cent purity) the oxidation of octanoate continued for long periods after 
oxidation of DPN had ceased. Since it was known that these preparations 
contained significant quantities of muscle adenylic acid (AMP), the effect 
of added adenylic acid (in addition to the ATP present in the test system) 
on the time course of octanoate oxidation was studied, with purer prepara- 
tions of DPNH:, known to be free of adenylic acid, as the priming agent. 
It was found that added adenylic acid definitely prolonged oxidation of 
octanoate for a considerable period after oxidation of the priming DPNH, 
was complete, as judged by oxygen uptake and spectrophotometric meas- 
urements of DPNH, levels in the flask contents. Data from a typical 
experiment are shown in Fig. 1. A satisfactory explanation for this effect 
is not readily apparent. In the type of experiment outlined no activation 
occurs when both AMP and ATP are present and DPNH, is absent. In 
a single experiment, ATP at a molar concentration equivalent to the sum 
of the concentrations of the AMP and ATP produced a similar but less 
striking effect. The fact that under certain conditions oxidation of octa- 
noate continues after the priming oxidation has ceased may indicate that 
fatty acid oxidation, after it is once initiated with the aid of the priming 
oxidation, may become “self-priming’’ owing to the oxidative phosphory- 
lation which undoubtedly occurs due to the oxidation of the fatty acid 
substrate itself (2, 14). The prolonging effect of adenylic acid has not 
been examined further. 

Oxidation Products after Activation with DPNH.—When the oxidation 
of fatty acids is primed by the addition of a cycle intermediate, the latter 
has two important réles (2): one, to prime the oxidation by virtue of its 
ability to cause phosphorylation consequent to its oxidation, and a second 
role, that of serving as a precursor of oxalacetate, which is presumed to be 
the intermediate with which fatty acid oxidation products condense to en- 
ter the Krebs cycle. For this reason the oxidation of fatty acids in the 
presence of even very small amounts of Krebs cycle intermediates does not 
yield theoretical quantities of acetoacetate, some of the fatty acid carbon 
being diverted into the cycle. It has been shown previously that with 
lower fatty acids (<Cy) the yields of acetoacetate are relatively high, al- 
though not theoretical; in the case of long chain fatty acids (>Cy) the 
yields of acetoacetate are very low and the yield of CO, quite high when 
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the oxidations are primed with cycle intermediates (15). However, if the 
fatty acid oxidation is primed with DPNHz, it might be expected that the 
yields of acetoacetate would approach those calculated for complete oxi- 
dative conversion of the fatty acid to acetoacetate, since priming in this 
manner does not involve adding an oxalacetate precursor. An experimen- 
tal comparison was therefore made of the products of oxidation in DPNH:- 
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Fie. 1. The effect of adenylic acid on prolongation of octanoate oxidation. The 
Warburg vessels contained 0.001 m ATP, 10-5 m cytochrome c, 0.01 m orthophosphate, 
pH 7.4, 0.05 m KCI, 0.005 m MgCls, 0.002 m octanoate, 0.0028 m DPNH:2 (an Ohlmeyer 
preparation free of adenylic acid), and mitochondria suspended in 0.15 m KCl (de- 
rived from 350 mg. of wet weight whole fresh liver). Total volume, 3.0 ml., made 
up with water. Temperature 30°. Curves A and B show rates of oxidation in ex- 
periments in which no adenylate was added; octanoate (0.002 m) was present in the 
experiment of Curve B and omitted for Curve A. Curves C and D correspond to 
Curves A and B, except that 0.003 m adenylate was added in addition to the ATP, 
and show the prolonging effect of the adenylate on octanoate oxidation. 


primed versus succinate-primed systems oxidizing octanoate and palmitate. 
The data are collected in Table II. For comparison of the reaction prod- 
ucts the ratio of extra acetoacetate formed to extra oxygen taken up was 
determined. It is seen that this ratio is very close to that calculated for 
complete oxidative conversion of octanoate to 2 moles of acetoacetate and 
of palmitate to 4 moles of acetoacetate when the oxidation is primed with 
DPNHp». In control experiments with succinate as the activating agent 
the ratios are considerably lower than calculated for complete conversion; 
the effect is especially striking when palmitate is used as substrate. It has 
already been shown (15) that palmitate oxidation is far more prone to 
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occur via the cycle than is octanoate oxidation, owing possibly to a dis- o-k 
similarity in reactivity of different types of 2-carbon intermediates derived lish 
from the fatty acid by oxidation (16, 17). In view of the excellent agree- te | 
ment of the experimental ratios with those calculated for complete conver- acti 
sion to acetoacetate, it may be concluded that acetoacetate is the sole par 


oxidation product of the fatty acids when their oxidation is primed by nat 
DPNH; in the absence of the Krebs cycle intermediates. This findingis | pp, 






































by no means unexpected, since considerable evidence already exists that in d 
TaBLe II } ace 

Effect of Priming Agent on Yield of Acetoacetate ext 

Experiments arranged as in Table I. Octanoate was present at a concentration | syst 
of 0.0016 m, palmitate at 0.00025 m. Systems incubated aerobically at 30° for 40 | mol 
minutes. the 

Activator 

Experiment No. Substrate 0.005 m succinate 0.003 a DPNHs sj 
Or uptake | ACAC, | AcAc:Os*| Os uptake | ACAC. | AcAc:0: ce 
ep 
uM uM uM uM Oxid 

202 Octanoate 8.50 3.17 0.37 6.90 4.70 0.68 the 
203 < 14.7 5.78 0.39 6.30 4,21 0.67 dine 
205 7.20 3.87 0.54 8.40 5.25 0.63 - 
207 - 11.5 5.59 0.49 10.00 6.40 0.64 , _ 

111 ny 10.4 3.12 0.30 9.10 6.01 0.66 was 

208 Palmitate 3.60 0.28 0.08 2.20 1.31 0.60 was 
111 «“ 6.40 | 0.25 | 0.04 | 4.30 | 2.76 | 0.64 wnia 

114 : 4.20 0.50 0.12 3.80 2.05 0.54 Ana 
* (Micromoles extra acetoacetate formed)/(micromoles extra oxygen taken up). neal 
The calculated value for C7His;sCOOH + 302 — 2CH;COCH;COOH + 2H.0 is 0.67 of ac 
and for CisHs:COOH + 702: - 4CH;COCH:COOH + 4H,0 0.57. Ine 
multiple formation of ketones from long chain acids may occur in the in- we 
acic 


tact animal or in liver slices under certain conditions (18, 19). 
A few experiments with odd carbon acids have indicated a similar in- 
crease in the yield of acetoacetate when the oxidation was primed with 


DPNEb. a1 
3. G 

DISCUSSION 4.N 

In the preceding paper (9) it was shown that coupled phosphorylation i 
accompanies oxidation of DPNH, under conditions very similar to those ~s 
used in the experiments described here. It would appear therefore that 6. F 
this coupled phosphorylation is responsible for activation of the fatty acid 71 
oxidation. It is also known from earlier work that the oxidation step 8. L 
9. L 
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a-ketoglutarate to succinate can activate the oxidation (10) and unpub- 
lished work in this laboratory has shown that the oxidation step succinate 
to fumarate can also activate the oxidation. The precise mechanism of 
activation is not yet known, but it appears possible that it involves the 
participation of coenzyme A. Perhaps the most promising clue to the 
nature of the activation process is afforded by the work of Stadtman and 
Barker (20) who have shown that the activation of butyrate oxidation 
in dialyzed Clostridium kluyveri extracts requires inorganic phosphate and 
acetyl phosphate as well as substances present in the dialysate or in yeast 
extract. Although the activation process may differ in the two types of 
systems, it would appear that the C. kluyvert system is at the moment 
more amenable to study, since particulate elements are not involved and 
the reaction may be observed in relatively stable extracts. 


SUMMARY 


The activation (“priming,” ‘“sparking”) of enzymatic fatty acid oxida- 
tion in suspensions of rat liver mitochondria, a process believed to be 
dependent on oxidative phosphorylation, can be achieved not only by the 
oxidation of intermediates of the Krebs tricarboxylic acid cycle but also by 
the oxidation of relatively high concentrations of dihydrodiphosphopyri- 
dine nucleotide (DPNH:) under conditions in which coupled oxidative 
phosphorylation is known to occur. The oxidized form of the nucleotide 
was not effective. The oxidation of fatty acid ceased when the DPNH, 
was completely oxidized, but could be prolonged after the DPNH: was 
consumed if high concentrations of adenine nucleotides were also present. 
Analytical data are presented which indicate that octanoate was oxidized 
nearly quantitatively to 2 moles of acetoacetate and palmitate to 4 moles 
of acetoacetate, provided the oxidation was primed by oxidation of DPN H2. 
In contrast, priming of fatty acid oxidation by succinate led to the forma- 
tion of less acetoacetate and the complete oxidation of part of the fatty 
acid carbon via the Krebs cycle. . 
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EFFECT OF CANAVANINE ON MUTANTS OF NEUROSPORA 
AND BACILLUS SUBTILIS* 


By H. J. TEASt 


(From the Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, and 
the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, October 30, 1950) 


The inhibition of microorganisms by canavanine, an amino acid which 
occurs in the jack and horse beans (1, 2), has recently been the subject of 
several investigations. Horowitz and Srb (3) studied the effect of canava- 
nine on three wild type strains of Neurospora, one sensitive, one of inter- 
mediate sensitivity, and one resistant to canavanine inhibition. They 
found that arginine and, to a lesser extent, lysine reversed inhibition of 
growth in the sensitive strain. Volcani and Snell (4), working with lactic 
acid bacteria and Escherichia coli, found that arginine overcame inhibition 
by canavanine, but that lysine was ineffective. 

Experiments with mutants that require threonine for growth revealed 
certain interesting relationships between canavanine and threonine. A 
Neurospora mutant that requires threonine, isoleucine, a-aminobutyric 
acid, or homoserine was able to grow if supplied with canavanine, as was 
a Bacillus subtilis mutant that requires homoserine, or threonine plus 
methionine. Further study of these and related strains has indicated that 
canavanine resistance is due to conversion of canavanine into a non-inhib- 
itory product which, in certain mutants, is responsible for the growth- 
supporting activity. 


Materials and Methods 


The strains of Neurospora used in this study are listed in Table I. The 
requirement of strain 46003 is not absolute in as much as it is able to grow 
to some extent on the unsupplemented minimal medium (see Table II). 
The mutants have been shown to behave in genetic crosses as though in 
each case the amino acid requirement is determined by a single gene. Can- 
avanine resistance is inherited independently of the strain 46003 character. 
Thus progeny of strain 46003-R crossed with a wild type strain sensitive 
to canavanine included the following types: 46003-R, wild type resistant, 
46003-S, and wild type sensitive. The parental strains from which mu- 

* Work at Oak Ridge performed under contract No. W-7405-Eng-26 for the Atomic 
Energy Commission. 

} Present address, California Institute of Technology. 


369 





370 EFFECT OF CANAVANINE ON MUTANTS 


tant 46003 was derived, after ultraviolet irradiation, were 4A and 25a, N 
Since resistance to canavanine was shown to be genetic in a cross of strains | of B 
4A and 25a (3), it was assumed that the resistance of strain 46003-R came | out: 
from the resistant strain 4A parent and had not been induced by the | and 












































irradiation. | and 
Tase I “J 
Neurospora Strains 
} gluc 
Strain eo, to Amino acid requirements i mini 
rospt 
4A Resistant | Wild type ml. « 
25a Sensitive Se a: 10m 
46003-R* Resistant | Threonine, isoleucine, a-aminobutyric acid, or homo- mat 
serine st 
46003-S* Sensitive | Same as 46003-R -_ 
44104 Resistant | Threonine, isoleucine, or a-aminobutyric acid C: 
35423 vy: Threonine (9). 
51504 re Threonine + methionine, or homoserine (5) Can: 
*R = canavanine-resistant, S = canavanine-sensitive. - . 
am 
TaBLeE II 193- 
Growth of Neurospora Strains on Canavanine, Canavanine Plus Arginine, and on men 
Threonine asia 
Growth is represented as dry weight of mycelium. 
Supplement to minimal medium 
Strain Ne 
1 mg. L-cana- 1 mg. DL-threo- 
1 mg. L- : 1 mg. n 

None canavanine |Vanine + SM™8-| pr threonine | nine + 1ms | and 
nine, 
mg. mg. mg. mg. mg. argir 
4A 44 34 45 ange 
25a 57 0 50 ae 
46003-R 8 33 9 32 35 dh 
46003-S 1 0 10 33 0 4410 
44104 0 0 0 25 18 threc 
35423 0 0 0 25 23 Th 
51504 0 0 0 o | 1 wan: 
ment 


The strains of B. subtilis used were the wild type or normal Marburg} oyeq¢ 
strain (ATCC 6051) and mutant 189X, which requires threonine plus} 95, 
methionine, or homoserine, and mutant 171X which requires threonine (6). mut, 
These strains (7) were kindly furnished by Dr. Burkholder and Dr. Giles> 1, 
Reversion experiments with mutant 189X have indicated that its amino} oo, 
acid requirement is probably due to a single gene difference from the nor} gyi, 


mal (6). (4), 4 
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Neurospora strains were routinely transferred to the complete medium 
of Beadle and Tatum (8). Quantitative growth experiments were carried 
out in 125 ml. Erlenmeyer flasks containing 20 ml. of minimal medium (8) 
and supplement, which were inoculated with a drop of conidial suspension 
and incubated at 25° for 72 hours. The mycelial pads were dried at 85° 
and weighed. 

B. subtilis strains were routinely grown on a yeast extract, tryptone, 
glucose, and agar medium. For quantitative growth experiments the 
minimal medium of Burkholder and Giles was used (7), in which the Neu- 
rospora trace element solution (8) was substituted for that of Moyer. 5 
ml. of double strength minimal medium plus supplement were made up to 
10 ml. with water in 18 X 150 mm. Pyrex culture tubes. A drop (approxi- 
mately 10* to 105 cells) of filtered suspension of bacteria from a slant was 
used for inoculation of each tube. Incubation was at 30° for 60 hours. 

Canavanine was isolated from jack bean meal by the method of Cadden 
(9). The isolated material was non-hygroscopic and melted at 184°. 
Canaline was obtained as the picrate through the conversion of canavanine 
by a hog liver preparation according to the procedure of Kitagawa and 
Yamada (10). The picrate melted with decomposition at 192° (reported, 
193-194° with decomposition). Canaline was used for growth experi- 
ments as a solution of the hydrochloride, obtained by removal of the picric 
acid by ether extraction of the acidified picrate. 


Results 


Neurospora—The response of Neurospora strains to canavanine, arginine, 
and threonine is shown in Table II. Strain 4A was resistant to canava- 
nine, whereas strain 25a was inhibited, the inhibition being overcome by 
arginine as reported earlier (3). Growth of strain 46003-R was supported 
by canavanine, but suppressed by arginine. Strain 46003-S was inhibited 
by canavanine even in the presence of threonine. Mutants 35423 and 
44104 are resistant. Mutant 51504 grew very slightly on canavanine plus 
threonine. 

The interesting reciprocal relationship between growth of strains 25a 
and 46003-R on a constant amount of canavanine, with successive incre- 
ments of arginine, is shown in Table III. Arginine brought about a de- 
crease in growth of mutant 46003-R, while it increased the growth of strain 
25a. Arginine was shown to be without significant effect on the growth of 
mutant 46003-R supported by threonine. 

In view of the observations that methionine and lysine were partially 
effective in overcoming canavanine inhibition of wild type Neurospora 
strain 1A (3), and that ornithine and citrulline had a slight effect in Z. coli 
(4), these amino acids were tested to determine their effect upon canava- 
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nine-supported growth of strain 46003-R. The results (Table IV) indicate 
that lysine and arginine were about equally effective in the inhibition of 


res 


growth, while ornithine, citrulline, and methionine stimulated rather than 


reduced growth. 


TaBLeE III] 


Growth of Neurospora Strains 26a and 46008-R on Canavanine and Arginine 


Growth is represented as dry weight of mycelium. 



































Amino acid supplement, mg. per flask Strain 
it-Canavanine L-Arginine 25a 46003-R 
mg. aa mg. . ae 
0 0 57 8 
iL 0 0 32 
1 1 17 17 | 
| 2 40 12 
1 3 49 12 
1 4 52 11 
1 5 52 9 | 
TABLE IV 
Growth of Neurospora Strain 46003-R on Canavanine and Other Amino Acids 
Amino acid supplement, mg. per flask — of i 
mg. j 
NRT ee case pradesh rote aa hes nt aae Bath Poko Ele ate Re Aaa aR eS 8 ; 
FG Se PREP dR a oP eR a No 33 ; 
1 2 lar ANIM MIEMEITUITIG hs, cor cats, crete <6 cco tek ote iee Rial o Saale Gautit ive 12 
1 wy Pra M RIO. oo icscciscthce os ch cectotec S's yacsanics oe 13 i 
1 es SPA SUITEIROUHIONING. 2.5. ood e cas i 7 feancewesee 46 ; 
1 ¢ MR EI OLIN UNNIO <i oie: det hele ROR ea eal aus 42 | 
1 es Ae e is SN NSEAU NNT LAIRD ore 5-5 Fass Sod dlons Bae bee as Ae Rear 42 
RMR eee ce ee A cet ise Bee AY ti arts Ate aa 4 
A Cre Peres eer reer Tren ree ye rer Ty 8 | 
OL cer, SOCy PTT Di BS Rea eR Pe 6 
Qe eS RT le a dae ed Er 10 
PCRS Tan EIN oe: 0s 2 Red AS bed Del ead Mee ae 13 
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The competitive inhibitor-antagonist relationship of canavanine and 
arginine was established for strain 25a by Horowitz and Srb (3); however, | 
they did not show that lysine is actually competitive in alleviating | 
canavanine inhibition. An experiment in which canavanine and lysine | 
concentrations were varied independently showed, as in the case of canav- 
anine and arginine, that growth is determined by the relative amounts of | 
the amino acids, not by the absolute quantities. Molar ratios for canava: | 
nine to lysine were 0.9 for complete inhibition and 0.009 for complete re: | 
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versal, as compared with 1.2 and 0.3 reported for canavanine and arginine 
(3). 

Canavanine is known to be split by a liver enzyme to give canaline (10). 
The possibilities that canavanine might replace homoserine or other amino 
acids in strain 46003-R by being metabolized to canaline and that canaline 
might be preferentially inhibitory to canavanine-sensitive strains were 
tested. Canaline was tested in 1 mg. amounts with and without 5 mg. of 


TaBLeE V 
Growth of B. subtilis Strains on Canavanine and Other Amino Acids 








Strain Amino acid supplement, y per tube 25 

Marburg (wild type) None 23-27 
500 L-canavanine 33 
500 L-arginine 34 
500 -lysine 36 

189X (homoserineless) None 0 
250 pu-threonine + 250 pL-methionine 47 
200 pit-homoserine 21 
500 *$ 29 
200 L-canavanine 12 
500 ee 13 
250 L-canaline ft y 
500 t-canavanine + 500 L-arginine 15 
500 <a + 500 L-lysine 11 
500 L-arginine 0 
500 t-lysine 0 

171X (threonineless) None 0 
250 pu-threonine 39 
250 L-canavanine 0 
500 s 0 











* As measured by use of a Klett-Summerson photoelectric colorimeter with a 
No. 54 filter. 


} Used as the hydrochloride; sterilized by filtration. 


arginine for its effect on the growth of strains 4A, 25a, 46003-R, and 
46003-S. All strains were inhibited whether they were canavanine-sensi- 
tive or resistant. The two wild types showed about 40 and 75 per cent 
inhibition and the mutants were reduced to 1 and 2 mg. pad weights. Ar- 
ginine was ineffective in overcoming canaline inhibition. 

B. subtilis—The response of the normal Marburg strain, the homoserine- 
less mutant 189X, and the threonineless mutant 171X to canavanine and 
other amino acids is shown in Table V. Canavanine, arginine, and lysine 
elicited a stimulatory response in the wild type. Canavanine was about 
half as active as homoserine for mutant 189X, but inactive for mutant 
171X. Neither arginine nor lysine had a significant effect on canavanine- 
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supported growth of the homoserineless mutant. Canaline had only slight - 











activity, indicating that it is probably not an intermediate in the utilization sit 
of canavanine. : i“ 
DISCUSSION ” 
In as much as canavanine fulfils the amino acid requirement of two re- . 
sistant strains that grow if supplied with homoserine (7.e. Neurospora mu- ‘i 
tant 46003-R and B. subtilis mutant 189X), but does not satisfy the amino wh 
acid requirement of resistant strains that do not grow if supplied with gra 
homoserine (7.e. Neurospora mutants 44104 and 35423 and B. subtilis mu- | no 
tant 171X), canavanine must function in promoting growth by replacement | 
of homoserine. The inability of canavanine to support the growth of 


strain 51504, a resistant strain able to grow on homoserine, suggests that q 
the active product of canavanine metabolism may not be homoserine. The lus 
structural similarity of canavanine, arginine, and lysine supports the idea mu 
that the latter two amino acids suppress growth of strain 46003-R by com- | tyr 
peting for an enzyme or enzymes involved in the utilization of canavanine. | oop 


Other evidence has established metabolic interrelationships among can- ) can 
avanine and arginine and lysine. Preparations of liver arginase have been | hon 
shown to hydrolyze canavanine (11) and to be competitively inhibited by | argi 
lysine (12), and lysineless mutants of Neurospora (13) and Aspergillus (14) can: 
are competitively inhibited by arginine. In the case of strain 25a, in | jot 
which canavanine inhibition is competitively overcome by either arginine to g 
or lysine, these two amino acids appear to be alternative growth-limiting seri 
factors. This is difficult to visualize unless they are metabolized by the | eq 
same enzyme. 

In as much as the resistance of strain 46003-R appears to have been de- 
rived from the strain 4A parent, it seems probable that the resistance of 
strain 4A is also brought about by a detoxication of canavanine through | 


ae al 


— 





its conversion to some homoserine-like substance which is not inhibitory. 2. | 
Such a mechanism for canavanine resistance in strains of Neurospora is ; 
similar to the detoxication reported by Woolley in Endomyces vernalis (15). 57 
In the latter case the normal strain requires the pyrimidine portion of thia- | 6. 7 
mine, but is inhibited by pyrithiamine, a thiamine analogue in which the 7.5 
pyrimidine portion of the molecule is unaltered. A resistant strain was B 
found to split pyrithiamine and utilize the pyrimidine moiety for growth. | |), : 
Crosses of resistant strains of Neurospora with sensitive ones indicate | 
that at least two kinds of genetically conditioned resistance may be in-| 11. D 
volved. These are almost immediate resistance (as with strains 4A and/ !2. H 
46003-R) and adaptive resistance (in which growth begins after several | 13. D 


days). In crosses of partially resistant strains the results are difficult to | 
interpret. It is possible that resistance in mutant 51504 is of a different) jg 6 
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sort than that of strains 46003 and 4A. This would be analogous to the 
situation in Staphylococcus aureus in which Oakberg and Luria (16) found 
at least five different kinds of sulfonamide-resistant strains, only one or 
possibly two of which were resistant because of overproduction of p-amino- 
benzoic acid. 

B. subtilis strains may be resistant to canavanine because of a canava- 
nine-metabolizing system similar to that of 46003-R. The absence of 
inhibition by canavanine and the observation that canavanine-supported 
growth is unaffected by arginine or lysine suggest that the corresponding 
metabolizing systems are more specific than those of Neurospora. 


SUMMARY 


The growth response of several mutant strains of Neurospora and Bacil- 
lus subtilis to the amino acid canavanine was studied. One Neurospora 
mutant was able to grow if supplied with threonine, isoleucine, a-aminobu- 
tyric acid, homoserine, or canavanine. In this mutant the genetically 
conditioned resistance to canavanine appears to function by conversion of 
canavanine to some substance with growth-promoting activity similar to 
homoserine. The utilization of canavanine in this case was inhibited by 
arginine or lysine, whereas in a wild type canavanine-sensitive strain, 
canavanine inhibition is overcome by arginine or lysine. B. subtilis was 
not inhibited by canavanine; a strain which required homoserine was able 
to grow if supplied with canavanine. Canaline showed little or no homo- 
serine activity for either organism and is therefore probably not an inter- 
mediate in canavanine utilization. 
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Addition of cobaltous ion to solutions of glycyldehydroalanine produces 
first a yellow-brown and then a red color (1). The same color changes 
occur when Cot is added to glycyl-L-alanine and glycyl-p-alanine.! The 
appearance of a red color with a maximum absorption at 520 my in solu- 
tions of glyeylglycine and Co** has been described by Smith (2), and a 
possible correlation between the binding of this metal and the enzymatic 
susceptibility of the substrate was suggested. Hearon, Burk, et al. (3, 4) 
have studied extensively the uptake of oxygen in solutions of Cot+ and 
} histidine. Similar studies have been carried out with glycylglycine, pep- 
| tides of histidine, and a number of other amino acids. These authors 

have shown that the yellow-brown complexes of glycylglycine and histidine 
are reversibly oxygenated and change spontaneously into the pink, ir- 
| reversible oxidation forms. 








The purpose of the present work was to investigate the formation and 
composition of the red cobalt complexes of glycyldehydroalanine, glycyl-p- 

' and glycyl-t-alanine, and glycylglycine and to study their enzymatic 
hydrolysis. 'The composition of these complexes has been examined and 
the red complex of glycylglycine has been crystallized and characterized. 
It was found that these complexes are not hydrolyzed by tissue extracts 
which have the capacity to hydrolyze the peptides with great rapidity. 


Methods 


Preparation of Peptides—Glycyldehydroalanine (GDA) was prepared 

| by amination of chloroacetyldehydroalanine (5), which had been synthe- 
sized from chloroacetonitrile and pyruvic acid (6). Glycyl-t-alanine 

_ (i-GA) and glycyl-p-alanine (p-GA) were prepared from L- and p-alanine 
obtained by enzymatic resolution (7). Glycylglycine (GG) was obtained 
by amination of chloroacetylglycine (8). 


NF TITS 


*A preliminary report of this work was presented before the Division of Bio- 
logical Chemistry of the American Chemical Society, Philadelphia, April, 1950. 
‘Other peptides which form red colorations in the presence of cobaltous ion are 
N-methylglyeyldehydroalanine, alanyldehydroalanine, glycyldehydrophenylalanine, 
diglyeylaminopropionic acid, leucylglycine (cf. (15)), glycylasparagine, alanyl- 
glycine, and glycylglycylleucine. 
377 
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Enzymatic Determinations—Enzymatic digests consisted of 1 cc. of tissue du 
extract, 2 cc. of 0.06 m veronal buffer at the desired pH, and 1 cc. of sub- ap 
strate solution.2 The pH of the enzymatic digests was 7.5 to 8.2. Cor- p-t 
rection was made for the enzyme and substrate blanks. 1 15 

Hydrolysis of GG, t-GA, and p-GA was followed by the manometric on 
ninhydrin procedure of Van Slyke et al. (9). Hydrolysis of GDA was 6.2 
determined by addition of 1 cc. of saturated potassium carbonate to the the 
digest, aeration of the ammonia into dilute sulfuric acid, and subsequent 
nesslerization. 


Hog kidneys were obtained from freshly slaughtered animals, frozen 
immediately, and stored at —15° until used. Livers and kidneys were 
removed from rats and mice, ground with sand, and extracted with 


3 volumes of cold water. The extracts were then centrifuged lightly and - 
used immediately. The hog kidney extracts were dialyzed 18 hours against D 7 
cold tap water before use to reduce the enzyme blank. y 
Determination of Cobalt#—The amount of free cobaltous ion in a given 
solution was estimated by the 8-nitroso-a-naphthol method of Boyland 
(10) with the following modification. To a 0.5 cc. aliquot of a solution 
containing cobaltous ion were added 9.5 cc. of 1.0 m acetate buffer at pH 
5.2 and 12.0 ce. of a solution of 1 per cent 6-nitroso-a-naphthol in a mixture 
of carbon tetrachloride and ethanol.! The optical density was measured 
at 530 my® and followed Beer’s law over the ranges employed. 
EXPERIMENTAL Ps 
Absorption Spectra of Red Complexes—Alkaline solutions of Cot* and 0.06 
peptide were aerated for 24 hours and became deep red in color.6 The ab- he 
sorption spectra of these solutions (Fig. 1) exhibit a maximum absorption 0.00: 
at 520 my except for the red complex of GDA for which the peak is at eylg 
515 mu. The spectrum of the red complex of GG shows a second peak at F 
390 mu (ef. (2)).? “~ 
Oxygen Uptake during Red Complex Formation—The oxygen uptake - 
2 Rate determinations of enzymatic activity were made by employing 1 cc. of Be 
0.05 m substrate. The rates were calculated from the initial portion of the respec- L-G, 
tive time curves. with 
’ The cobalt salts employed were analytical grade CoSO,-7H20 or CoCl,-6H;0. 0: 
440 per cent carbon tetrachloride and 60 per cent ethanol, by volume. cent 
5 The Beckman model DU spectrophotometer was used with a 1 cm. cell. 250 


6 Borate buffers were used to stabilize the pH. They consisted of 0.2 m sodium 
borate to which either 0.2 Nn NaOH or 0.2 n HCl was added to adjust the mixture to each 
the desired pH. amo 

7 The absorption spectra of the unoxygenated cobalt glycylglycine complexes do | wag 
not exhibit the marked enhancement of Cot+ absorption at 520 my comparable to 
the red oxygenated complex. Anaerobic GG, p-GA, and GDA solutions containing 
Co*++ complex have the faint pink coloration of Co** alone. 
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during the formation of the red complexes was measured in the Warburg 
apparatus. 12.5 wm of Cott were added to 200 um of GG, L-GA, and 
p-GA. The oxygen uptake was rapid, approaching a maximum within 
15 minutes (Fig. 2). The number of micromoles of O2 consumed was 
one-half the number of micromoles of Cot+ added. However, when 
6.25 um of Cot+ were added to 200 um of GDA, the oxygen uptake exceeded 
the expected value of 3.1 um (Fig. 2). 














DENSITY 




















400 500 OO—iCiO OG ee 
Mu HOURS 
Fig. 1 Fig. 2 


Fic. 1. Absorption spectra of red cobalt complexes of glycyldehydroalanine (O), 
glycylglyecine (0), and glycyl-.- or glycyl-p-alanine (@). The reaction mixture of 
0.067 m peptide, 0.133 m borate (see foot-note 6), and 0.00417 m CoCl: in a volume 
of 3 cc. at pH 10.2 was incubated in the Warburg apparatus for 24 hours at 25°; di- 
luted to 10 ce. total volume for density measurements. With glycyldehydroalanine 
0.00208 m CoCl, employed. The dotted line represents 16.3 mg. of crystalline gly- 
cylglycine red complex dissolved in 25 cc. of water (A). 

Fic. 2. Oxygen consumption of glycyldehydroalanine (@), glycylglycine (O), 
and glycyl-L- and glycyl-p-alanine (A) solutions in the presence of cobaltous ion. 
Reaction mixture as in Fig. 1. Incubated 18 hours at 15°. 


Because of the continuous oxygen uptake of GDA and similarity of 
L-GA and p-GA in the above data the remaining work is chiefly concerned 
with GG and p-GA. 

Oxygen consumption was also measured in the presence of varying con- 
centrations of cobalt. Increments of 6.25 um of cobalt were added to 
2500 um of GG and the oxygen uptake measured at pH 10 (Fig. 3). In 
each case the oxygen consumption on a molar basis was one-half the total 
amount of Cot* added. The color of these solutions at the end of 1 hour 
was brown and after 28 hours red. This color change is not accompanied 
by additional oxygen uptake. 

Effect of pH and Temperature on Complex Formation—When cobaltous 
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ion was added to an excess of GG in increasingly alkaline solutions, the 
amount of red complex formed steadily increased, as shown by the rise Ww 
in optical density at 520 my (Table I). It is apparent that at physio- s¢ 
14 U T T T T T T T T 
L at x 
ie ; 
Y 10} 4 ar 
= Yo... - + 
5 8 1 1] tic 
co 6ee—— Ps 4 at 
= gl 1 of 
3 : ] sel 
of : fol 
0 i 1 1 1 i i i 1 1 : 
O° 3S) 6  “S' 12° 158 “18 2 "2427 (30 Ion 
HOURS ad 
Fig. 3. Oxygen uptake of cobalt glycylglycine solution in which glycylglycine 10. 
has been added in excess. The reaction mixture of 0.833 m glycylglycine and either hot 
0.00208 m CoSO, (™), 0.00417 m CoSO, (O), 0.00625 m CoSO, (@), or 0.00833 m CoS0, : the 
(A) in a volume of 3 cc. at pH 10.4 was shaken in the Warburg apparatus at 15°; | 
gassed with O, during equilibration. ing 
& enz 
TaBLe I : 
Optical Density of Red Complex at Various pH Values nap 
pH ine diffe 
- 
7.1 0.157 addi 
7.3 0.529 ' com 
7.5 0.663 dial 
8.2 0.910 a 
9.0 0.939 oe 
10.4 0.960 aliqu 
of 1¢ 
The reaction mixture of 0.067 m glycylglycine, 0.133 m borate (see foot-note 6), hour. 
and 0.0062 m CoSO, in a volume of 3 cc. at the pH indicated was incubated in the wt 
Warburg apparatus for 42 hours at 15° under oxygen; diluted to 7.5 ec. with veronal : ie 
buffer and optical densities determined. ore 
* The Dsoo of an 0.0025 m solution of CoSQ, was 0.012 at pH 5. of 25 
the s 
logical pH the formation of red complex readily occurs (cf. (2)). The Dis} Ty;, 
of 0.960 at pH 10.4 (Table I) represents complete reaction of the cobaltous 
. . ort 9 
ion added. At higher temperatures, 25° and 37°, the color transition 0 . T 
a solution from brown to red was more rapid. i : 
8 The oxygen uptake after 21 hours at 25° and at 37° of 200 um of GG and 12.5 wi et 
Cobalt 


of Cot+ at pH 10 measured 6.2 and 6.5 uM, respectively. 
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Effect of HCl and H2S on Red Complex—A solution of Cot* and GG 
was shaken at 15° under oxygen at pH 10. After 15 minutes, when the 
solution appeared brown, sufficient HCl was added to lower the pH to 2.6. 
10 per cent of the consumed oxygen was released and the solution then 
exhibited the characteristic spectrum of the red complex. 

The addition of H2S to a solution of the red complex causes disappear- 
ance of the red color, with formation of cobaltous sulfide. 

Absence of Red Complex Formation under Anaerobic Conditions—Solu- 
tions of 25 um of Cot* and 200 um of GG were mixed in Warburg vessels 
at pH 10.2, previously gassed with nitrogen and equilibrated with 0.2 cc. 
of Fieser’s solution (11) in the center well. No gaseous uptake was ob- 
served and no red or brown color appeared in the solution in the 50 hours 
following mixing. Similar results were obtained for p-GA and GDA. 

Correlation of Oxygen Uptake and Red Color Formation with Cobaltous 
Ion Bound and Amount of Unhydrolyzable Peptide—To 200 um of GG were 
added increments of 6.25 um of cobaltous ion and the pH was adjusted to 
10. The reaction mixture was shaken in the Warburg apparatus for 28 
hours. The oxygen consumption at that time was recorded (Table IT), 
the reaction mixture diluted to 7.5 cc., and aliquots removed for the follow- 
ing determinations: the amount of free cobaltous ion, the amount of 
enzymatically hydrolyzable peptide, and the optical density at 520 mu. 

The amount of free cobaltous ion, as determined by the {-nitroso-a- 
naphthol procedure, was subtracted from that originally added and the 
difference designated as the amount of cobaltous ion bound (Table II). 

The amount of enzymatically hydrolyzable GG was determined by 
adding a 1 ec. aliquot of the diluted reaction mixture containing the red 
complex to 2 ec. of veronal buffer, pH 7.9. To this was added 1 cc. of 
dialyzed hog kidney extract which had an activity toward GG greatly in 
excess of that required to hydrolyze the 40 um of peptide present in the 
aliquot. GG to which no Cot+ was added was hydrolyzed to the extent 
of 192, 193, and 192 uo after incubation for 15 minutes, 90 minutes, and 9 
hours, respectively. When 12.5 um of Cot+ were present, the hydrolyzable 
peptide was 169, 169, and 171 uM at the same incubation periods. There- 


' fore 23 um of peptide were not hydrolyzed (Table II). In the presence 


of 25 um of cobalt the hydrolyzable peptide was 143, 141, and 145 um for 
the same time intervals and 49 um of peptide were not hydrolyzable.’ 
This is equivalent to 2 moles of unhydrolyzable peptide for each mole of 


* The hog kidney extract used hydrolyzed GG at the rate of 900 um per hour per 
ce. and p-GA at 865 um per hour per cc. (see foot-note 2). 

‘© When the same amount of cobalt was added to the peptide immediately prior 
to hydrolysis by hog kidney, the rate was accelerated. Lower concentrations of 
cobalt also caused acceleration. 
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cobalt present. In the presence of a large excess of enzyme there was 
no significant increase in hydrolyzable peptide from the 15 minute to the 
9 hour incubation period. It may be concluded that the bound peptide 


TaBLeE II 
Red Complex Formation of Peptides with Co*++ 








e Cott+ | Cott+| Or — uM O2 uptake | 4M peptide 
Peptide added | bound* | uptaket — Dw pu Cot+ bound Ped 
uM uM uM uM 

Glycylglycine, 6.25 6.2| 2.6 12 0.329] 0.42 1.9 
200 um§ 12.5 12.4] 5.3 23 0.653] 0.43 1.9 
18.75 | 18.6 | 8.8 36 0.970]| 0.47 1.9 
25 24.8 | 11.0 49 1.27]|| 0.44 2.0 

504 92 2.37** 

75 134 3.45** 

1004 170 4.38** 
Glycyl-p-alanine, 12.5 12.3 | 6.9 23 0.515]| 0.56 1.9 
200 umtt 18.75 | 18.3} 9.4 35 0.760]| 0.51 1.9 
25 24.5 | 12.8 48 0.980]| 0.52 2.0 

509 88 1 755t 

75 121 2.47tf 

1004 144 3.12tf 


























* At the end of the shaking period veronal buffer, pH 7.6, was added to bring 
the volume to 7.5 cc. 0.5 cc. removed for cobalt determinations. 

+ Oxygen uptake measured in the Warburg apparatus. The values shown are 
final readings. 

t1cc. aliquot removed for enzymatic determination, as in the text. Incubation 
time 4 hours. 

§ Final volume of mixture 3.0 cc. in 0.13 m borate buffer. pH of initial mixture, 


10.1. Equilibrated with O2 before tipping. Shaking period 28 hours; when 50, | 
75, and 100 um of Cot+ were added, the shaking period was 50 hours. Temperature 


15°. 

|| Aliquot read directly without further dilution. 

{ Precipitate of cobalt hydroxide removed by centrifugation immediately fol- 
lowing dilution to 7.5cc. Aliquots taken from supernatant. 

** Aliquot diluted with 5 volumes of water and observed density value multi- 
plied by 6. 

+t Final volume of mixture 1.5 cc. in 0.067 m borate buffer. pH of initial mix- 
ture, 10.2. Equilibrated with O2 before tipping. Shaking period 46 hours. Tem- 
perature 17°. 

tt Aliquot diluted with 3 volumes of water and observed density value multi- 
plied by 4. 


could not be hydrolyzed by the very active glycylglycine dipeptidase of 
hog kidney. 
The density of red color developed as measured at 520 my was deter- 
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mined on a third set of aliquots. The density is proportional to the amount 
of cobaltous ion bound. 

In the last two columns of Table II, the values for oxygen uptake and 
unhydrolyzable peptide are compared with the number of micromoles of 
bound cobaltous ion. For each micromole of cobaltous ion, 0.44 um of 
oxygen and 1.9 um of GG are bound. This suggests a molecular ratio of 
cobalt, oxygen, and peptide of 1:0.5:2, respectively, in the red complex 
of GG. 

Similar experiments were carried out with p-GA, with the results shown 
in Table II. The ratio of micromoles of oxygen consumed to cobalt bound 
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Fic. 4. Oxygen uptake during red complex formation when Cott is added in 
excess. The reaction mixture of 0.067 mM CoCle, 0.033 m borate with (O) and with- 
out (@) 0.0083 m glyeylglycine in a volume of 3 cc. was shaken in the Warburg ap- 


paratus. Average of quadruplicate (O) and duplicate (@) determinations at pH 
8.8 and 15°. 


averaged 0.53 and the ratio of micromoles of peptide unhydrolyzable to 
cobalt bound was 1.9. 

Formation of Red Complex When Cot*+ Is Added in Excess—Cobaltous 
ion was added in excess of GG, and the oxygen consumption, extent of 
red color formation, and the amount of hydrolyzable peptide were deter- 
mined. The oxygen uptake occurring when 200 um of cobaltous chloride 
were added to 25 um of GG at pH 8.8 is shown in Fig. 4. The lower curve 
indicates the oxygen uptake of 200 um of cobaltous chloride adjusted to an 
identical pH but without added peptide, and represents the oxygen con- 
sumption in the slow conversion of cobaltous hydroxide to cobaltie hy- 
droxide. The interval between the two curves represents the oxygen 
consumption due to the presence of peptide and measures 5.9 um from 3 
to 41 hours time. The micromoles of oxygen consumed are close to one- 
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fourth the number of micromoles of GG present in the solution. The pH ove! 
was raised to 10 to precipitate the cobalt hydroxide and the volume ad- C2 
justed to 7.5 cc. The solution had an optical density at 520 mu of 0.63 N1 
and contained no hydrolyzable peptide. fron 
A similar experiment was carried out with 200 um of cobaltous chloride solu 
and 50 um of p-GA. The oxygen consumption produced by the presence opti 
of peptide was 12.3 um at 15 hours and 12.5 um at 116 hours. When the ficie 
solution was diluted and treated as above, the Ds2 was 0.95 and 0.8 um tion 
of the original 50 um of peptide was hydrolyzable. com 
Isolation and Crystallization of Red Complex of Glycylglycine—4 gm. [| FP 
alre: 

B il drol 
and 

® to 0 
pH | 

pH t 

The 

1s CO 

adde 

kidn 

GG 

Ey 

s IIl). 

droly 

; peric 

bind 

Fic. 5. Photomicrograph of crystals of the red cobalt complex of glycylglycine pee 
of GG and 10 gm. of CoSO,-7H2O were dissolved in 50 cc. of water and od 
adjusted to pH 10 by addition of saturated Ba(OH)2. Oxygen was bubbled pore 
through the solution at 15°. After 9 hours, 5 gm. of CoSO,-7H2O were red ci 
added, the solution readjusted to pH 10, and oxygenation continued for The r 
15 additional hours. At this time no enzymatically hydrolyzable GG re- _ 
mained. The pH was readjusted to 10.5 with Ba(OH), and the cobalt pend 
hydroxide removed. The volume was reduced in vacuo at 25° to 150 ce. 383, 1 
The solution was then acidified in the cold with 0.2 n H»SO, until the fil- empl 
trate gave a slightly positive test for sulfate ion. 5 volumes of cold ab- II, 18 
solute alcohol were added and the solution allowed to stand at —10°.. —  ™? 
The first crystals which appeared were removed by filtration and discarded. ‘ai 


On further standing red rectangular plates appeared (Fig. 5) and were ; u A 
collected, washed with alcohol and ether, and dried in a vacuum desiccator [hydro 
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over P2Os. Yield 0.5 gm. The per cent composition was found to be 
C 28.1, H 4.7, N 16.8, Co 17.2; theoretical composition, C 28.3, H 4.8, 
N 16.5, Co 17.4, calculated on the basis of the red complex being formed 
from 2 moles of peptide, 1 mole of Cot*, and 0.5 mole of oxygen." A 
solution containing 0.652 mg. of the crystalline material per cc. gave an 
optical density at 520 mu of 0.727 (Fig. 1). The molar extinction coef- 
ficient of the red complex of GG is 386" when calculated on the assump- 
tion that it contains 1 gm. atom of cobalt per mole. The crystalline red 
complex of GG was not hydrolyzed by dialyzed hog kidney extract. 

Further Studies on Unhydrolyzabtlity of Red Complexes—Experiments 
already described have shown the unavailability of GG and p-GA to hy- 
drolysis by hog kidney extracts when these peptides are bound with cobalt 
and oxygen to form the red complex. These studies were briefly extended 
to other tissues.* 25 um of GG and 6.25 um of Cot*+ were adjusted to 
pH 10 and aerated for 4 hours.* Buffer and acid were added to lower the 
pH to 7.9. This solution was incubated with the tissue extract for 4 hours. 
The results (Table III) show that the amount of hydrolyzable peptide 
is considerably less than the original 25 um. When, however, the Co*+ is 
added to the peptide immediately prior to enzymatic hydrolysis by hog 
kidney, the hydrolyzable peptide is nearly that obtained in solutions of 
GG to which no Cot had been added. 

Experiments with t-GA and p-GA and GDA gave similar results (Table 
Ill). Although an excess of enzyme was present, the amount of hy- 
drolyzable peptide did not significantly increase with a 4 hour incubation 
period over the 1 hour value. It is evident that in each case the Cott 
binds the peptide in such a way as to make it resistant to enzymatic hy- 


1 Tt has been found that the red complex may be conveniently purified on an 
anion exchange column, Dowex-1 (200 to 500 mesh). 4 to 6 gm. of the complex were 
put on the column, 7.5 sq. cm. X 40 cm., as the lithium salt and washed with water. 
The complex was washed with 2 liters of 0.01 m HCl at a flow rate of 50 cc. per hour 
and eluted from the column with 0.02 m HCl. Analytical values obtained on the 
red complex prepared by this means were C 28.1, H 4.6, N 16.6, Co 17.3 per cent. 
The molar extinction coefficient at 520 my was 382. 

2 The molar extinction coefficient of the GG red complex was also calculated 
from the density values at 520 my reported with other data of this paper. The 
source of the density value is followed by the molar extinction coefficient: Fig. 1, 
383, Table I, 386, Table IT, 390, text describing Fig. 4,378. The bound cobalt values 
employed in this calculation were as follows: Fig. 1, 12.4 um, Table I, 18.7 um, Table 
II, 18.6 um, but for the text describing Fig. 4 a value of 12.5 um was assumed. 

’ No attempt has been made to use a source of enzyme identical with that of 
previous workers (2, 16, 17). Selection of the tissues has been made to obtain a 
rapid rate of hydrolysis of the peptides employed. 

“ Alkalization and aeration of cobalt peptide solutions do not cause significant 
hydrolysis of the peptide. 
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drolysis. The binding is very rapid with GDA at pH 7.5. This is shown 
by the decrease in hydrolyzable peptide when Cot is added to GDA and 


enzymatic hydrolysis begun immediately. ° su 





























TaBeE III Yi 
Enzymatic Hydrolyzability of Red Complexes of Several Peptides cal 
Peptide hydrolyzed = 
Peptide added Cot++ added Tissue* 
1 hr. 4 hrs. pe} 
uM BM uM 
25 um glycylglycine 0 Rat kidney 23.8 
6.25f 23.2 
t 6.25 14.3 
0 “liver 24.1 
6.25f 23.2 
t 6.25f 14.7 
0 Mouse kidney 25.7 
6.25f 24.6 
t 6.25f 15.8 
0 «liver 2.8 fl 
6.25 26.4 
t 6.25f 16.2 
25 um glycyl-.-alanine 0 Hog kidney 24.9 25.3 
10.0 24.8 25.2 
§ 10.0§ 8.4 8.7 
25 um glycyl-p-alanine 0 i 23.9 24.9 
10.0 24.5 24.5 
|| 10.0]| 5.3 5.6 
10 ua glycyldehydro- 0 «4 9.0 90 | 
alanine 4.0 6.4 6.9 F 
1 4.09 0.4 0.4 | extr: 
, 0.26 
* The tissue extracts had the following enzymatic activities, expressed as micro- pare 


moles of peptide hydrolyzed per hour per cc.: rat kidney 266, rat liver 100, mouse Incu 
kidney 265, mouse liver 101 against glycylglycine; hog kidney had an activity of 
5190 against glycyl-u-alanine, 433 against glycyldehydroalanine, and 450 against of C 
glycyl-p-alanine. 

+ CoS, in veronal buffer. Constituents added immediately prior to incubation 
to minimize red complex formation. 

t Previous to enzymatic hydrolysis oxygenation was carried out at pH 10 ona the 
solution of 0.025 m glycylglycine and 0.0062 m CoSO, for 4 hours at 5°. 520 

Previous to enzymatic hydrolysis oxygenation was carried out at 37° and pH 10 and 
on a solution of 0.025 m peptide and 0.01 m CoSO, for 18 (§), 27 (||), and 7 ({]) hours. 


relat 
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The pH-activity studies of GG hydrolysis by hog kidney extract exhibit} our 
an optimum range between pH 7.2 and 8.5 (Fig. 6). In this pH range, is pr 
Cot forms a red, unhydrolyzable compound with GG (cf. Table I). The} and 
formation of red oxygenated complexes at physiologic ranges of pH sug indic 
gests that these complexes may form in vivo. Cot 








XUM 


and 





| 


| 


wn o 





_micro- 
, mouse 
ivity of 
against 


ubation 
10 on 4 


d pH 10 
') hours. 
exhibit 
| range, 
). The 
9H sug: 





mayo 








J. B. GILBERT, M. C. OTEY, AND V. E. PRICE 387 


DISCUSSION 


The réle of metal ions in the activation of enzymatic activity has been 
suggested as that of forming a bridge between enzyme and substrate. 
This idea has been advanced by Hellerman et al. (12, 13) on the basis of 
careful studies on the metal content of arginase, the metal ion activation of 
this enzyme, as well as on metal ion coordination with arginine. 

More recently this idea has been extended to the metal activation of 
peptidases by Smith who has cited the formation of a red color in solution 





25 T T T re 


MM GLYCYLGLYCINE HYDROLYZED 











0 1 { 1 n 





7 8 9 10 
pH 
Fia. 6. Effect of pH on the enzymatic hydrolysis of glycylglycine by hog kidney 
extract. The digests consisted of 1 cc. of dialyzed hog kidney extract containing 
0.26 mg.-of N per cc., 1 cc. of 0.05 m glycylglycine, and 2 cc. of borate buffer (pre- 
pared by combining suitable volumes of 0.05 m sodium borate and 0.2 m boric acid). 
Incubation period 15 minutes at 37°. 


of GG and Co** as evidence for complex formation (2, 14, 15). He has 
related this to the activation of glycylglycine dipeptidase by Co+* (16, 
17, 2) and has suggested that the Cot* may form a chelate bridge between 
the enzyme and peptide. Using the visible absorption in the region of 
520 mu as a measure of the strength of coordination between substrate 
and Co**, he suggests that a strong coordination is necessary for the ac- 
tivation of the specific peptidase by Co++. It would seem apparent from 
our present work that, since the red complexes are not hydrolyzed, there 
is probably no direct relation between the amount of red complex formation 
and the metal activation of the enzyme. Formation of red color actually 
indicates the ability of the peptide to form an oxygenated complex with 
Co** and does not necessarily indicate the relative ability of Cot+ to 
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coordinate with peptides. To examine this point further other criteria 
of complex formation are required. Anaerobic titrations of these peptides in 
in the presence of Co*++ are in progress. It is interesting to note that 
the hydrolysis of t-GA by rat kidney was inhibited upon addition of Co*+, 
whereas the hydrolysis of p-GA was accelerated (1). Both compounds of 
form red complexes with Cott equally well. sti 

The formation of the red oxygenated complexes at physiologic ranges 
of pH has been mentioned. The work of Hearon, Burk, et al. (3, 4) shows 
that Co*+* readily forms irreversibly oxygenated complexes with serine, for 
methionine, glutamic acid, asparagine, tryptophan, and lysine in addition an 
to histidine and several histidine peptides. That many peptides form 
red complexes is suggested by the work of Smith and the present paper. 
Enzymatic studies on peptides or amino acids in which Cot** is employed i. 
should be accompanied by an examination of the extent of irreversible 


oxygenation under the conditions being used, as well as by a determination 2. 

of the enzymatic susceptibility of the oxygenated product. The effect of : 
red complex formation in lowering the concentration of free Cot+* and of 

free peptide or amino acid is apparent and must be taken into considera- 5 

tion in activation experiments or kinetic studies. 6. 

( 

SUMMARY ; 8. 


1. Solutions of glycylglycine, glycyl-p- and glycyl-.-alanine, and glycyl- 
dehydroalanine form red complexes with cobalt. 10. 

2. Solutions of Cot++ and glycylglycine form a red complex whose ab- Il. 
sorption maximum is at 520 mu. This reaction is accompanied by a rapid 
uptake of oxygen. A portion of the glycylglycine originally added is not 
enzymatically hydrolyzable and the amount of free cobaltous ion in solu- 15. 
tion is reduced. By varying the concentration of Cot+* and glycylglycine, 16. 
the amount of red color formation was related to the amount of Cot 17. 
bound, oxygen consumed, and glycylglycine rendered unhydrolyzable. 
The results indicated that 2 moles of glycylglycine and 0.5 mole of oxygen 
combine with 1 mole of cobalt to form the red complex. The oxidation is 
not reversible on acidification to pH 2. 

3. Similar findings were obtained with glycyl-p-alanine. 

4. Formation of the red complexes of glycyl-L-alanine and glycyldehydro- 
alanine was accompanied by oxygen consumption and enzymatic un- 
hydrolyzability of a portion of the peptide added. 

5. Red complex formation does not occur under anaerobic conditions. 

6. The red cobalt complex of glycylglycine was obtained in crystalline 
form. Its elemental analysis was consistent with a composition of 2 moles 
of peptide and 0.5 mole of oxygen per mole of cobalt. The crystalline 
red complex was not hydrolyzed by hog kidney extracts which hydrolyzed 
glycylglycine with great rapidity. 
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ria 7. Unhydrolyzable glycylglycine red complex formation occurs readily 

les in the pH range at which hog kidney extracts hydrolyze glycylglycine. 

rat 8. Several other peptides were shown to form red complexes with cobalt. 

bie! 9. The effect of red complex formation on lowering the concentration 

ids of free metal ion and peptide must be taken into consideration in kinetic 
studies and activation experiments. 

ges 
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The structural requirements of substrates for carboxypeptidase have 
been characterized in detail by Bergmann and Fruton (1), Johnson and 
Berger (2), Neurath and Schwert (3), and others. It is well established 
that this proteolytic enzyme attacks only peptide bonds involving the 
a-amino group of L-phenylalanine, L-tyrosine, or L-tryptophan, provided 
that the aromatic acid involved has a free, ionized carboxyl group. Rel- 
atively minor alterations in the structure of the specific amino acid mark- 
edly influence the ability of the enzyme to attack the substrate. Among 
the synthetic substrates that have been studied heretofore, peptides of the 
type RCONHCH:,CONHCH(CH2C.H;)COOH are usually split much 
faster than are acylamino acids. The latter, however, are split at an 
appreciable rate. In order to develop a simple and accurate method for 
the assay of carboxypeptidase, and possibly to develop a histochemical 
method for the demonstration of the enzyme in situ, carbonaphthoxy- 
phenylalanine (I) was synthesized. Other carbonaphthoxy derivatives 
were also prepared in order to study the stability of the naphthyl ester 
linkage and the enzymatic specificity toward the substrates. The syn- 
thesis and chemical properties of the 6-naphthyl carbonate derivatives 
used in this study (Table I) have been reported by Wolf and Seligman (4). 

Upon hydrolysis of carbonaphthoxyphenylalanine (I), naphthylearbonic 
acid (A) spontaneously decarboxylates immediately to yield 6-naphthol 
(B), which may be coupled with a suitable diazonium salt to yield an in- 
soluble azo dye (C) which would be expected to precipitate at, or near, the 
site of enzyme activity in histochemical preparations (5-8). In the quan- 
titative estimation of enzymatic activity, the azo dye formed from tetra- 
zotized diorthoanisidine and 2 molecules of 8-naphthol is extracted into 
ethyl acetate, and the color density measured in a photoelectric colorim- 
eter (Klett). It is the purpose of this paper to describe a method for 


* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
in part by an institutional grant to Harvard University from the American Cancer 
Society. 

+ Research Fellow of the National Cancer Institute. 
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the colorimetric estimation of carboxypeptidase activity and to report the 
experiments designed to establish the specificity of the method. ery 
Method! a 
: Ol § 
Fresh tissues homogenates were prepared in 0.85 per cent saline in a 4 ute 
concentration of 1 to 2 mg. per cc. and allowed to settle for 2 to 3 min- try 
utes. The supernatant solution was used for the estimation of enzymatic bai 
activity. ove 
The substrate (I) was dissolved in 1 to 2 cc. of acetone, to which buffer ‘as 
solution or distilled water was added just prior to use, to make a stock ee 
solution containing 0.3 to 0.4 mg. of substrate per cc. (0.001 m). Prior “ 
solution of the substrate in acetone was necessary because of the low sol- rm 
ubility of Uae toe ae at as indicated by precipitation que 
I to ¢ 
mec OCOOH aan" A 
—" dior 
Oe ae allo 
was 
subs 
OCH OCH The 
3 | thre 
gy pe opti 

OH C HO 


the 
napl 


from aqueous solutions in concentrations above 0.5 mg. per cc. and from . 
Sucl 


alkaline buffer solutions in concentrations above 1.5 mg. per cc. 


Crystalline, inhibitor-free trypsin? was used for the conversion of en- were 
zymatically inactive procarboxypeptidase of tissues to carboxypeptidase. 
Trypsin (0.1 mg.) was added to each tube. This was equivalent to 60 X 
10 trypsin units (Hgb), and was well in excess of the amount required : S) 
to produce maximal conversion of procarboxypeptidase to carboxypepti- rivat 
dase during the 2 to 3 minutes that intervened before the homogenates Of t 
were exposed to the substrate. Any increase in the amount of trypsin cleus 
added, or in the time allowed for conversion, did not lead to an increase actin 
in carboxypeptidase activity. The cruder preparations of trypsin (concen- carb 
trated 300 times), could not be used for activation, because they contained carb 
significant amounts of carboxypeptidase as an impurity. In the experi- aymi 
ments with purified crystalline carboxypeptidase,’ no tryptic activation and 
was necessary. ; thox. 
S acyla 
1 All reagents for this method may be obtained from the Dajac Laboratories, [ All 
Momomer-Polymer, Inc., 3480 West Henderson Street, Chicago, Illinois. 
2 Purchased from the Syn-Zyme Laboratories, 78 West 12th Street, New York 11. 4A 
3 Purchased from the Worthington Biochemical Laboratory, Freehold, New [| 54 per 
Jersey. B napht 
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1 ce. aliquots of homogenate suspensions and 1 cc. of a solution of 
crystalline trypsin (0.1 mg. per cc.) were added to 3 cc. of 0.05 m ver- 
onal buffer, pH 7.8. 3 minutes later, freshly prepared stock solution 
of substrate (1 ce.) was added, and the tubes were incubated for 60 min- 
utes at 37°. The control tubes initially consisted of one tube without 
trypsin, one tube with homogenate or enzyme (crystalline) brought to a 
brisk boil to destroy the enzyme and cooled to 37° before addition of sub- 
strate, and one tube containing only the substrate. In later work with 
tissue homogenates, a single control tube, containing boiled homogenate 
and trypsin, was considered adequate. Since it was found that the dye- 
binding property of serum protein was slightly increased by heat coagula- 
tion in the tests on serum, the control tube was not heated, but the same 
quantity of serum was added at the end of the incubation period, in order 
to avoid falsely positive evidence of enzymatic activity. 

At the end of the period of incubation, 1 ce. of a solution of tetrazotized 
diorthoanisidine* (4 mg. per ce.) was added to each tube, and coupling was 
allowed to proceed for 3 minutes. Trichloroacetic acid (1 cc. of 80 per cent) 
was added to each tube to inhibit completely further hydrolysis of the 
substrate and to facilitate extraction of the dye into 10 cc. of ethyl acetate. 
The color density was measured with a photoelectric colorimeter (Klett), 
through a green (540 my) filter. A calibration curve for the conversion of 
optical density into mg. or um of 8-naphthol was readily constructed within 
the range of 0.01 to 0.10 mg. of 8-naphthol, with a stock solution of 6- 
naphthol which was added to serum or homogenate (1 to 2 mg. of protein). 
Such a calibration curve and visible absorption spectrum of the azo dye 
were published in a method for serum lipase (9). 


Results 


Specificity of Substrate—In Table I are listed the carbonaphthoxy de- 
rivatives which were tested for susceptibility to carboxypeptidase activity. 
Of these compounds, only I and V contain the aromatic amino acid nu- 
cleus previously found to be required by the enzyme for its most specific 
activity (1-3). Of these two, only I satisfies the requirement of a free 
carboxyl group. IV, V, and VI might be subject to hydrolytic attack by 
carboxypeptidase if the amino acid carboxylic ester group were first en- 
zymatically hydrolyzed. The amide (II), the diester (III), and IV, V, 
and VI were prepared in order to test linkages contained in carbonaph- 
thoxyphenylalanine for susceptibility to non-specific esterase, amidase, or 
acylase (10) activity. 

All of these compounds exhibited slow spontaneous hydrolysis under 


* Available in powder form containing 20 per cent tetrazotized diorthoanisidine, 
5 per cent zine chloride, and 20 per cent aluminum sulfate; trade name DuPont 
naphthanil diazo blue B. 
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the conditions of testing for enzymatic activity (4 to 15 per cent in 1 hour 
at 37° in veronal buffer, pH 7.8), except for the simple amide (II), which 
was almost completely hydrolyzed under these conditions. Since all the 
carbonaphthoxy derivatives have a naphthylcarboxylic ester group, it was 
important to test the susceptibility of this linkage to esterase activity, 
Pancreatin, which has high esterase activity toward several substrates 
(6-naphthyl acetate and 6-naphthy] laurate) (9, 11), hydrolyzed the diester 
(III), but did not significantly hydrolyze the naphthyl ester linkages of 
IV, V, and VI. It can therefore be presumed that the same linkage in | 
is not attacked by carboxypeptidase. Crystalline preparations of pepsin,’ 


TABLE I 


Compounds Tested for Susceptibility to 
Enzymatic Hydrolysis 




















Ester- 
; = a ase 
Compound “Form | peptidase i £2) 2 | oe [eats 
g |Os 2 genate) 
I. Carbonaphthoxyphenylalanine..... DiyG: ee) (0 02) 8 0 j+++ 
II. Carbonaphthoxy amide*.......... ~ —-{-—-|-j] - = 
III. 8,6’-Dinaphthyl carbonate....... 0 0; 0;]0);) ++] ++ 
IV. Carbonaphthoxyglycine methyl 
BUC ce eee ea aot cee DL 0 OO 18 0 0 
V. Carbonaphthoxytyrosine ethyl 
BRNO Pci ate hs oud does meade hs 0 0;0;]0 0 0 
VI. Carbonaphthoxypyrollidine 
BENVINCBUO? oie oe eee has ns 0 0/|01}0 0 0 




















* Extensive spontaneous hydrolysis. 


chymotrypsin,” and trypsin,’ did not hydrolyze I, III, IV, V, or VI (Table 
I). Although hydrolysis by esterase of the alkyl ester linkage in IV, V, 
and VI was not determined, indirect evidence that the ethyl ester group of [ 
V was not hydrolyzed was provided by the absence of carboxypeptidase 
activity with pancreatin, which contains both esterase and carboxypepti- 
dase. On the basis of earlier work (1-3), carbonaphthoxytyrosine would 
be expected to be as susceptible to hydrolysis by carboxypeptidase as the 
phenylalanine derivative (I). Both the L-phenylalanine and the pi-phen- 
ylalanine derivatives proved to be suitable for the detection and estima- 
tion of carboxypeptidase activity. 

Enzyme Kinetics—An aqueous suspension of carboxypeptidase,’ pre- [ 
pared and recrystallized three times according to the method of Anson 
(12), was used in the studies of the kinetics and determination of constants 
reported below. This preparation has the maximal specific activity s0 
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far obtained with carboxypeptidase, and further recrystallizations do not 
lead to any measurable increase in activity. 

The calculated velocity constant of enzymatic hydrolysis was independ- 
ent of the concentration of substrate over a range of a 4-fold increase in 
concentration (Table II, Part A). Because of the limited solubility of 
the substrate, these experiments were carried out at a molar concentration 
of 0.001, with a molar ratio of substrate to enzyme (S:E) between 75:1 
and 300:1 (assuming the molecular weight of carboxypeptidase to be 
32,000) (3). This should be a much more critical range for study of the 


Tasie II 
Effect of Substrate Concentration, Temperature, and Enzyme Concentration on 
Carboxypeptidase Activity 




















part | cg RE MEigg | Temperature | Subntte, | Parcel, | constant 
mg. per cc. bs 63 pM perl. 

A 3 37 224 20.0 1.6 
0.1 37 112 25.4 2.1 
0.1 37 56 25.4 2.1 

B 0.1 22 294 4.5 0.3 
0.1 37 294 22.0 1.8 
0.1 40 224 31.0 2.7 

Cc 0.010 37 294 6.0 0.4 
0.015 37 224 11.8 0.9 
0.020 37 294 16.4 1.3 
0.025 37 224 19.0 1.5 








* The data for Parts A and B were obtained with the 1 isomer; the data for Part 


C with the pL-racemate; per cent hydrolysis calculated on the basis of the L isomer. 
Period of hydrolysis, 1 hour. 


100 
= min. logia 100—% hydrolysis * 





reaction of enzyme with substrate than the usual concentrations used in 
the determination of the proteolytic coefficient,’ for which the substrate 
concentration is usually set at 0.05 m and the S:# molar ratio is as high 
as 15,000:1. 

The presence of the p-amino acid peptide was originally reported to be 
inhibitory to enzymatic hydrolysis of the L-amino acid peptide (13), but 
this finding was subsequently refuted (14). In our experiments, the same 
reaction rate was obtained with the pi-peptide as with half the concen- 
tration of the L-acyl peptide alone (Fig. 1). Thus the finding of Neurath 


*The proteolytic coefficient is usually expressed as the velocity constant of an 


enzymatic reaction divided by the concentration of enzyme protein nitrogen in mg. 
per cc. 
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et al. (14) that only the L-amino acid peptide was enzymatically hydro- 
lyzed, but that the presence of the p-amino peptide in a racemic mixture 
was not inhibitory, was confirmed. 

Enzyme-substrate solutions to which L-phenylalanine, pi-phenylalanine, 
and 6-naphthol were added separately at the beginning of the incubation 
period, in concentrations comparable to those attained at the end of the 
reaction period from substrate breakdown alone, revealed that p-phenylal- 
anine completely inhibited enzymatic activity. Traces of this isomer from 
spontaneous hydrolysis could affect the course of the reaction when the 
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Qi o2 03 04 O5 06 O7 
MGMS OF PANCREATIN 
Fic. 1. Demonstration that carboxypeptidase does not hydrolyze the p isomer. 
O, 6-naphthol released from 0.002 mm solution of racemic mixture gf D and L isomers 
of carbonaphthoxyphenylalanine. © , 8-naphthol released from 0.001 mm solution 
of the L isomer. Enzyme-substrate solutions incubated 60 minutes in 0.1 M veronal 
buffer at pH 7.8 and 37°. Color density read in Klett photoelectric colorimeter. 


DL substrate was used. No inhibitory activity of either L-phenylalanine 
(one-sixth as effective an inhibitor as the p isomer (3)) or of 6-naphthol 
could be detected at these concentrations. 

The objections which have been raised (3) against the use of the proteo- 
lytic coefficient as an index of the affinity of the substrate for a given en- 
zyme were further supported by the observation here that the specific 
activity of a single preparation of purified carboxypeptidase varied widely 
with the concentration of enzyme used, increasing steadily down to a con- 
centration of 0.005 to 0.020 mg. of enzyme per ce. In this range of concen- 
tration there was no significant change in the specific activity of the purified 
preparation (Table II, Part C, and Fig. 3). 

Over a temperature range of 22-40° and pH 7.4 to 7.8 (optimal pH range 
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for carboxypeptidase), the enzymatic hydrolysis of this substrate (I) pro- 
ceeded according to zero order kinetics for 60 to 90 minutes. Thereafter 
there was a fairly sharp decline in the rate of enzymatic hydrolysis, and, at 
37° it had stopped completely after 150 minutes (Fig. 2). There was a 
marked increase in the velocity constant with rise in temperature (Table 
II, Part B). At lower temperatures (22°) enzymatic hydrolysis proceeded 
at a significant rate after 120 minutes, but was definitely slowed. 

The slowing down of enzymatic hydrolysis after 2 hours at 37° was not 
due to thermal inactivation of the enzyme, as shown by experiments in 
which the rate of enzymatic hydrolysis of aliquots of a solution of carboxy- 
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Fic. 2. Demonstration that carboxypeptidase does not deteriorate in 2 hours at 
37°. 6-Naphthol released from 0.001 mm solution of the L-isomer of the substrate 
by carboxypeptidase. O, similar result obtained with aliquots of the solution of 
carboxypeptidase stored at 4° for 2 hours compared with the reaction rate of an ali- 
quot (@) incubated at 37° for 2 hours prior to exposure to the substrate. ©, 
identical results for both enzyme preparations. Note the break in curve at 120 
minutes. Color density read in Klett photoelectric colorimeter. 


peptidase stored at 4° for 2 hours was identical with the reaction rate 


obtained with aliquots incubated for 2 hours at 37° before exposure to the 
substrate (Fig. 2). 


Distribution of Procarboxypeptidase in Tissues 
Fresh tissues of several animal species and of man were examined for 
carboxypeptidase activity, with carbonaphthoxy-pL-phenylalanine (I) as 
the substrate. Homogenates of the tissues were incubated for periods of 1 
and 2 hours. Although more hydrolysis occurred in the 2 hour incubation 
period, very slight increase in the sensitivity of the method for the detec- 
tion and estimation of the enzyme was noted, and the longer period of 


incubation increased the color value of the controls owing to spontaneous 
hydrolysis of the substrate. 
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No fresh tissue homogenate of either rat, guinea pig, dog, or human gave 
any evidence of carboxypeptidase activity when incubated alone with the 
substrate. These tests were performed on homogenates of liver, kidney, 
pancreas, spleen, duodenum, jejunum, stomach, colon, brain, heart, lung, 
adrenal, thyroid, ovary, testes, and epididymis. Of all the tissues studied, 
only the pancreas contained procarboxypeptidase activity as evidenced by 
increased hydrolysis of the substrate in homogenates activated with crys- | 
talline trypsin (Table III). Fresh homogenates of pancreas, which had no | 

I 
& 





detectable carboxypeptidase activity, did not develop such activity on | 
storage in saline for 24 hours at 5°. Procarboxypeptidase did not diminish — | 
under these conditions, since the activity of tryptically activated homog- ( 


























enates after storage was the same as that of the fresh homogenate. Du- 
odenal fluid contained carboxypeptidase (Table III). Human serum and 
urine were devoid of procarboxypeptidase and carboxypeptidase activity. 
Taste III 
Carboxypeptidase Activity in Tissues of Different Species* 
Tissue Rat (10) | Cuings Pig | Dog (s) | Man (3) : 
Procarboxypeptidase in pancreas, mg. | 2.5-6.0 | 2.0-4.5 1.9-3.0 | 2.0-5.0 

er gm. 
idiecenniitins in duodenal fluid, | 0.2-0.6 | 0.2-0.45] 0.20.3) 0.2-0.5 

mg. per cc. 

* The figures in parentheses indicate the number of animals examined. 

The polypeptides and proteins present in crude tissue homogenates, ™ 
which might be presumed to compete with the synthetic substrate for ac- [= 7 
tive enzyme centers in crude preparations of the enzyme, did not alter the 
rate of enzymatic hydrolysis of the substrate by purified carboxypeptidase of 
when tested with and without the addition of rat liver homogenate (devoid [| ra 
of carboxypeptidase activity). lat 

A class of widely distributed carboxypolypeptidases which shows max- ben 
imal activity in a range of pH 4.5 to 5.0, and which requires reducing sub- Vis 
stances such as cysteine, ascorbic acid, or hydrogen sulfide as activators, [—  m: 
has long been known (15). It has the same general substrate specificity [| us 
requirements as pancreatic carboxypeptidase isolated by Anson (12), and dr 
is usually termed cathepsin type IV. The proteolytic coefficient® of this sul 
enzyme toward substrates susceptible to pancreatic carboxypeptidase is (1 
generally 0.001 as great as the corresponding coefficient of the pancreatic | 
enzyme. Homogenates of rat kidney, liver, and spleen, incubated in 0.1 cor 
M acetate buffer, pH 5.0, at 37° in the presence of hydrogen sulfide as an boy 
activator, gave no evidence of enzymatic hydrolysis of carbonaphthoxy- 
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pi-phenylalanine (I) within 24 hours. This result was anticipated in view 
of the very slow hydrolysis by the enzyme (cathepsin IV) of substrates 
which are even more readily hydrolyzed (1). 


Quantitative Estimation of Carboxypeptidase Activity 


The carboxypeptidase activity of crude pancreatic homogenates, intesti- 
nal contents, or partially purified preparations of the enzyme was measured 
by the technique outlined above, and converted to equivalents of purified 
crystalline enzyme in micrograms by means of a simple calibration curve 
(Fig. 3). Although the specific activity of the enzyme varied with its con- 
centration, there was an approximately linear relationship between activity 





PER CENT HYDROLYSIS 











' T T T T u 
5 10 18 20 25 30 
MICROGRAMS OF CARBOXYPEPTIDASE 
Fig. 3. Calibration curve. Per cent enzymatic hydrolysis of carbonaphthoxy- 
pui-phenylalanine plotted against the concentration of crystalline carboxypeptidase. 
To correct for the presence of the unhydrolyzable p isomer, multiply by 2. 


of the enzyme and its concentration in a range of 5 to 20 y per cc. The 
rather narrow range of concentration, wherein activity bears a linear re- 
lationship to concentration, was-also characteristic vf the activity of the 
enzyme toward chloroacetyltyrosine in the titrimetric method of assay de- 
vised by Anson (16). No serious difficulties were encountered in the esti- 
mation of the enzyme in biological materials by his method, although he 
used formaldehyde to inactivate other peptidases which would have hy- 
drolyzed other substrates present in the biological material. Others have 
subsequently reported that formaldehyde inactivates carboxypeptidase 
(15). 

Pancreatic homogenates, in amounts of 0.5 to 1.5 mg., and duodenal 
contents (0.05 ec.) usually fell into the range in which the activity of car- 
boxypeptidase was linear to enzyme concentration (Table III). 

Activity could be expressed in either of two ways. When a constant 








400 CARBOXYPEPTIDASE ACTIVITY 


concentration of substrate was used, the enzymatic activity was expressed 
in terms of mg. of 6-naphthol released in a 1 or 2 hour incubation period. 
Since the velocity constant is independent of substrate concentration, and 
is proportional to enzyme concentration, the enzymatic activity could be 
expressed in terms of per cent hydrolysis of available substrate (Fig. 3). 
In the latter case the fresh enzyme suspension was run in duplicate, with a 
control tube containing heat-inactivated enzyme, and a tube of substrate 
solution was made alkaline with sodium bicarbonate and boiled in order to 
hydrolyze the substrate completely at the naphthyl ester linkage to pro- 
vide a measure of the available substrate concentration. 


Attempts at Histochemical Demonstration of Carboxypeptidase 


Surveys of homogenates of animal organs revealed that no fresh tissue 
contained active carboxypeptidase and that only the pancreas contained 
procarboxypeptidase, which could be converted to carboxypeptidase by 
activation with crystalline trypsin. The common fixatives, alcohol, ace- 
tone, and 10 per cent formalin, irreversibly inactivated procarboxypepti- 
dase in homogenates of pancreas. Therefore, all attempts at histochemical 
demonstration of this enzyme were limited to fresh, frozen sections of 
pancreas cut on a rotary microtome in a Linderstrgm-Lang refrigerated 
cabinet or on an ordinary freezing microtome. Attempts at controlled 
activation of the proenzyme in these slices by the addition of crystalline 
trypsin, in concentrations ranging from 0.001 to 0.1 mg. per cc., at pH 6.0 
to 8.0, and at temperatures from 5-37°, for periods of 5 to 30 minutes, uni- 
formly resulted in complete digestion of the sections before any formation 
of free B-naphthol could be demonstrated by coupling. Attempts to re- 
move trypsin before embarking on the period of incubation in carbonaph- 
thoxyphenylalanine, by repeated washings, or by treatment with ferric 
chloride, which inactivates trypsin but leaves carboxypeptidase intact (12), 
also failed to yield histologically intact sections when sufficient exposure to 
trypsin was allowed for the production of detectable carboxypeptidase ac- 
tivity (tested in homogenates). 

The sections could not be incubated in the presence of diazonium salts, 
as in the histochemical methods for other enzymes such as the phosphatases 
(6, 7) or esterase (8), because of inactivation of carboxypeptidase. This 
was presumably due to the coupling of the diazonium salt into the tyrosine 
residues of carboxypeptidase, of which this enzyme has a high content (12). 

Since trypsin solutions applied to the sections digested the cells before 
activation of procarboxypeptidase could be detected, attempts were made 
to convert intracellular trypsinogen to trypsin so that procarboxypeptidase 
might be activated from within the cell before the cell structure was com- 
pletely destroyed. Sections were stored in 0.1 m calcium chloride at 5° 
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and at room temperature for 24 to 72 hours to catalyze conversion of tryp- 
sinogen to the enzymatically active form of trypsin (17). Sections treated 
in this manner did not autolyze, but failed to hydrolyze the substrate (I) 
on incubation at pH 7.8. 

Pancreas contains a trypsin inhibitor which combines reversibly with 
trypsin at pH 6 or higher. The complex may be split, and active trypsin 
released, on reducing the pH of the medium below 3. Uncoupling is said 
to be complete in 30 minutes at room temperature, and recoupling of the 
inhibitor-trypsin complex occurs within 30 minutes of raising the pH above 
6.0 (18). Sections treated with CaCle, therefore, were immersed‘in 0.01 m 
HCl for 30 to 60 minutes, followed by incubation in the substrate at pH 
7.8, at room temperature, and at 37°. Although the sections readily disin- 
tegrated in the buffer solution, which was taken as evidence that tryptic 
digestion had occurred, no increase in the hydrolysis of the substrate solu- 
tion could be detected as evidence of activation of procarboxypeptidase. 

Because it was found impossible to activate procarboxypeptidase without 
destroying the sections, a histochemical demonstration of carboxypeptidase 
was not achieved. 


Acknowledgment is made to David V. Berry for technical assistance. 
SUMMARY 


Carbonaphthoxy-pL-phenylalanine, which possesses the basic structural 
requirements of a substrate for carboxypeptidase and has, in addition, 
a potential chromogenic moiety, was hydrolyzed by crystalline carboxy- 
peptidase and by carboxypeptidase produced from procarboxypeptidase in 
pancreas by tryptic activation. This substrate was not hydrolyzed by 
esterases in tissue or by crystalline trypsin, chymotrypsin, or pepsin. 
Evidence is presented for considering the substrate specific for carboxy- 
peptidase. A colorimetric method for the quantitative estimation of car- 
boxypeptidase and procarboxypeptidase in tissues and biological fluids is 
described. Of all the tissues examined, only pancreas contained procar- 
boxypeptidase. 

Attempts to apply this substrate to a histochemical demonstration of 
carboxypeptidase were not successful, owing to destruction of cellular detail 
by the proteolytic enzyme system required to activate procarboxypep- 
tidase. 

The rate of hydrolysis of this substrate by cathepsin IV was not suffi- 
ciently great to allow for its detection in tissue homogenates. 
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p-ALANINE FORMATION: A RACEMASE IN 
STREPTOCOCCUS FAECALIS* 


By W. A. WOOD} anp I. C. GUNSALUS{ 
(From the Laboratory of Bacteriology, Indiana University, Bloomington, Indiana) 


(Received for publication, October 30, 1950) 


p-Amino acids have been reported to serve as growth substrates for a 
number of bacterial species. Among them Lactobacillus arabinosus has 
been reported to utilize the p isomer of leucine (1), isoleucine (2), methio- 
nine (3), and glutamic acid (4). In these cases, as well as in others (5-9), 
the requirement for the D isomer was not shown to be specific. In fact, 
the L isomer or the a-keto acid analogue permitted equal or greater growth, 
thus suggesting that the L isomer is actually incorporated into the cell. 
In contrast to these observations, Snell and Guirard (10) found that pi- 
alanine replaces vitamin Bg for the growth of Streptococcus faecalis R, and 
Snell (11) showed that D-alanine rather than L-alanine was specifically re- 
quired. In line with the general hypothesis that an essential metabolite 
not required for growth is formed by the organism, Snell and Guirard (10) 
suggested that alanine served as a precursor of vitamin Bs. Later, Bel- 
lamy and Gunsalus (12) were able to show that cells grown in the presence 
of pL-alanine contained tyrosine apodecarboxylase but were nearly devoid 
of codecarboxylase (pyridoxal phosphate). Thus it was concluded that 
vitamin Bg is not synthesized by the cells grown in the presence of alanine; 
i.e., alanine does not serve as a precursor of vitamin Bg for S. faecalis R. 

More recently, Holden, Furman, and Snell (13) and Holden and Snell 
(14), using microbiological assay of cells grown with p-alanine and with 
vitamin Bg as a criterion, have confirmed the conclusion of the enzyme 
experiments that vitamin Bg is not formed from alanine. In addition 
their data show that cells grown-with vitamin Bes and no p-alanine con- 
tained both p-alanine and vitamin Bs. Thus vitamin Bg functions in the 
formation of p-alanine and not vice versa. The finding of a p-alanine re- 
quirement for growth (11) and its incorporation into cell material (14) 
represents the first report of a D-amino acid per se acting as an essential 
metabolite. 

The demonstration that vitamin Bg functions in the formation of p-ala- 
nine, presumably as pyridoxal phosphate, prompted us to study the en- 
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zymes involved. Of the possible routes of p-amino acid formation, enzy- 
matic racemization and transamination appeared as likely possibilities, 
In the case of racemization, the p-alanine would arise by inversion of the 
L isomer, whereas in transamination pyruvate would serve as the immedi- 
ate precursor with another amino acid donating the amino group. On the 
basis of D-alanine formation by cells grown with vitamin Bes, Holden and 
Snell (14) have suggested that L-alanine is the immediate precursor of 
p-alanine and that vitamin Bs (pyridoxal phosphate) acts as a ‘‘corace- 
mase.”” 

In this study (15), p-alanine formation was followed by using dried 
cells of S. faecalis. With the preparations used, both the p and L isomers 
of alanine were converted to the racemic mixture. The “racemase’’ was 
extracted from the dried cells by sonic oscillation and fractionated by 
precipitation with ammonium sulfate, adsorption on calcium phosphate 
gel, and elution with phosphate buffer. These preparations required pyri- 
doxal phosphate (BealP) for maximum activity, thereby adding alanine 
racemase to the group of pyridoxal phosphate-activated enzymes. Al- 
though the mechanism of the enzymatic racemization has not as yet been 
studied in detail, the evidence suggests a direct inversion by a single en- 
zyme, as postulated by Holden and Snell (14). 


Methods 


Culture—S. faecalis R (ATCC 8043), previously employed for studies 
of tyrosine decarboxylase (16) and glutamic-aspartic transaminase (17), 
was grown in a medium containing 1 per cent each of yeast extract and 
tryptone, 0.5 per cent of dipotassium phosphate, and 0.3 per cent of glu- 
cose. The medium in 10 liter (23 gallon) reagent bottles was inoculated 
with 0.1 per cent of an 8 to 12 hour culture and incubated 10 to 12 hours 
at 37° (final pH, 5.6 to 5.8). The cells were harvested with a Sharples 
centrifuge, washed once with water, and dried, either with acetone or in 
vacuo. The dried cells racemized 2 to 6 um of alanine per hour per mg. 
in the assay system described below. 

Determination of Alanine Racemase Activity—The racemization of ala- 
nine was measured in 16 mm. test-tubes with a 2.5 ml. reaction volume as 
follows: 0.4 ml. of 1 mM phosphate buffer, pH 8.1, 0.1 ml. (20 y) of calcium 
pyridoxal phosphate, enzyme or cells plus water to 2.1 ml., and 0.4 ml. of 
0.2 m (80 uM) L-alanine. Before substrate addition, the tubes were incu- 
bated at 37° for 5 minutes. The reaction was allowed to proceed for a 
given time interval (usually 30 minutes), then stopped by immersing the 
tubes in boiling water for 5 minutes. The protein or cells were separated 
by centrifugation and a 2 ml. aliquot removed and assayed for p-alanine 
with p-amino acid oxidase (18). 
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The p-alanine assay was performed manometrically as follows: A 2 ml. 
sample (equivalent to 1 to 20 um of D-alanine) was placed in the main com- 
partment of a Warburg flask with 0.3 ml. of 1 m phosphate buffer, pH 8.1, 
and 0.2 ml. of water. 0.5 ml. of p-amino acid oxidase preparation was 
added to the side arm, and 0.15 ml. of 20 per cent potassium hydroxide to 
the center well. After 10 minutes equilibration at 37°, the p-amino acid 
oxidase was tipped and the oxygen uptake followed for 1 hour. Added 
samples of D-alanine up to 20 um were completely oxidized within 30 min- 
utes in the presence of the reaction mixture or cell suspension. Since the 
p-amino acid oxidase preparation contained catalase, 0.5 um of oxygen up- 
take corresponds to 1 um of p-alanine. 

In order to determine racemase activity more conveniently, a direct 


Racemase 








L-Alanine ee aa p-Alanine 
: p-Amino acid | i 
p-Alanine + O2 Guiiiens > Pyruvate + NH; + H.0, 
: Catalase 
H20O2 ae H.O + 0.502 


(In oxidase) 





L-Alanine + 0.5 O2 — Pyruvate + NH; + H.0 


assay for D-alanine formation based on the accompanying reactions was 
employed. In the presence of excess of D-amino acid oxidase, the rate- 
limiting step is the racemization, so that the rate of oxygen uptake is pro- 
portional to the racemase activity. 

This assay was performed in double side arm Warburg flasks. The 
main compartment contained 0.3 ml. of 1 mM phosphate buffer, pH 8.1, 0.1 
ml. (20 y) of calcium pyridoxal phosphate! plus water, and enzyme or cells 
to a volume of 1.6 ml. The first side arm contained 0.4 ml. of 0.2 m 
L-alanine (80 um) and the second side arm 1.0 ml. of p-amino acid oxidase. 
20 per cent potassium hydroxide was added to the center well. The cups 
were incubated 5 minutes at 37°, both side arms were tipped simultane- 
ously, the reaction was allowed to proceed 10 minutes, and the oxygen up- 
take measured over the next 30 minute period. As shown in Fig. 1, the 
rate of racemization was proportional to the enzyme concentration up to 
25 um of alanine (300 ul. of O2 uptake) racemized per hour. 

Total Alanine Determination—The total alanine (p plus L) was deter- 
mined colorimetrically by a modification of the method of Aqvist (19) in 
which alanine was converted to lactic acid by treatment with nitrous acid. 
The lactate was measured colorimetrically by the method of Barker and 


‘We wish to thank Dr. Karl Folkers, Research Laboratories, Merck and Com- 


pany, Inc., Rahway, New Jersey, for the calcium pyridoxal phosphate used in these 
experiments. 
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Summerson (20). With the Evelyn colorimeter and a 565 may filter, the 
optical density was proportional to the alanine concentration from 10 to 
60 y with a precision of +10 per cent. 

Pyruvate Determination—Pyruvate was measured spectrophotometric- 
ally by the decrease in absorption at 340 my in the presence of reduced 
diphosphopyridine nucleotide (DPNH:) and purified lactic dehydrogenase 
prepared according to Straub (21). 

p-Amino Acid Oxidase Preparation—v-Amino acid oxidase was concen- 
trated and partially purified by a slight modification of the method of 
Negelein and Brémel (18). The cortex was removed from fresh pig kid- 
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Fig. 1. Alanine racemase activity of dried cells and of a partially purified en- 
zyme. Per Warburg flask: 0.3 ml. of 1 m phosphate buffer, pH 8.1; 20 y of 50 per 
cent pure calcium pyridoxal phosphate; racemase and water to 1.6 ml.; in Side Arm 
1, 0.4 ml. of 0.2 m L-alanine (80 um); in Side Arm 2, 1.0 ml. of p-amino acid oxidase 
(=< 25 to 28 um of p-alanine oxidized per hour); center well, 0.15 ml. of 20 per cent 
potassium hydroxide; incubation temperature 37°. 


ney, homogenized, and added with stirring to acetone at —20°. After an 
hour the precipitated tissue was collected by filtration, dried, and the 
enzyme extracted by stirring 100 gm. of the acetone-dried powder with 
500 ml. of 0.167 m pyrophosphate buffer, pH 8.3, at 37° for 1 hour. After 
centrifugation to remove the residue, the supernatant was brought to pH 
5.1 with dilute acetic acid. The temperature was quickly raised to 37°, 
held for 5 minutes, then cooled to 25° and the precipitate removed by cen- 
trifugation. The supernatant was brought to 40 per cent saturation with 
solid ammonium sulfate, the precipitate collected by centrifugation, and 
redissolved in 100 ml. of 0.067 m pyrophosphate buffer. Aliquots were 
frozen and held in the deep freeze (—14°) until used. The oxidase activ- 
ity of different preparations varied between 140 and 165 ul. of oxygen, 
taken up per 5 minutes per 0.5 ml. of enzyme under conditions of the 
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e p-alanine assay described above. The pyridoxal phosphate content of the 

to oxidase preparation was determined with tyrosine apodecarboxylase 
(Epps (22)) and found to be approximately 3 mugm. per ml. This level of 

c- coenzyme has a negligible activating effect upon the aporacemase. 

od t-Alanine Preparation—.-Alanine was prepared from pDi-alanine by ace- 


se } tylation followed by asymmetric hydrolysis of the pt-acetylalanine with a 
_ partially purified L-carboxypeptidase from pig kidney as described by Fo- 





n- dor, Price, and Greenstein (23). u-Alanine obtained after recrystalliza- 
of | tion contained about 0.5 per cent of p-alanine. 
id- | 
j 8] ALANINE RACEMASE 
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' Fic. 2. Stimulation of alanine racemization in acetone-dried cells by pyridoxal 
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a | Reduced Diphosphopyridine Nucleotide Preparation—DPNHz:2 was pre- 


After P pared from Schwarz cozymase (60 per cent purity) by reduction with 


o pH | sodium hydrosulfite, followed by precipitation with ethanol and ether by 
37° » the method of Ohlmeyer (24). 

’ 
ao Results 
. with me ae . 
_ and The enzyme systems requiring vitamin Bg so far studied have been 
were found to be stable to acetone and vacuum drying. Therefore, the prepa- 
activ: | ‘tions used for a study of bacterial transaminases and amino acid decar- 
cygen, boxylases were examined for p-alanine-forming systems. In early experi- 


of the ments D-alanine was found to disappear upon incubation with dried cell 
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suspensions, and t-alanine was found to yield p-alanine under similar con- 
ditions without the addition of other substrates. Thus the dried cells 
contained an enzyme, or enzymes, capable of interconverting D- and L- 
alanine. A test of the effect of pyridoxal phosphate on the rate of alanine 
“racemization” by an acetone-dried cell preparation has shown (Fig. 2) 
that the rate of conversion of L-alanine to the D isomer was approximately 
doubled by the addition of pyridoxal phosphate. 

This reaction, regardless of the mechanism, constitutes a racemase ac- 
tion. The simplest hypothesis to account for the reaction was to assume 
the occurrence of a single enzyme catalyzing the racemization of alanine 
with pyridoxal phosphate serving as the coenzyme. Therefore, the system 
will be referred to as alanine “racemase” until a more complex mechanism 
is shown. In order to obtain further information on this point, cell-free 
extracts were prepared and enzyme purification undertaken. 


Preparation of Cell-Free Racemase 


5 gm. of vacuum-dried cells (15,000 enzyme units; 1 unit equals 1 um 
racemized per hour) and 2.5 gm. of finely powdered carborundum were 
suspended in 50 ml. of 0.1 m phosphate buffer, pH 8.1, and subjected to 
sonic oscillation in a Raytheon 50 watt, 9 kilocycle magnetostriction oscil- 
lator for 1 hour at 8°. The débris was removed by centrifugation at 
approximately 18,000 r.p.m. in the International centrifuge multispeed head 
(25,000 X g) for 15 minutes. After standing overnight in the refrigerator, 
the débris was resuspended in 50 ml. of 0.1 m phosphate buffer, subjected 
to sonic oscillation for 13 hours, and recentrifuged. The combined super- 
natants contained 96 per cent of the activity present in the dried cells. 
The extract was fractionated as indicated in Diagram 1. The degree of 
resolution with respect to pyridoxal phosphate and the degree of purifica- 
tion are shown in Table I. A unit of racemase is arbitrarily defined as the 
amount of enzyme necessary to racemize 1 uM of L-alanine per hour in the 
direct manometric assay, that is the amount of enzyme required to pro- 
duce 0.5 um (11.2 ul.) oxygen uptake per hour. 

As previously mentioned, disintegration of the cells by sonic oscillation 
releases nearly 100 per cent of the enzyme activity from the dried cells. 
This procedure, however, also liberates an unusually large proportion of 
the cellular protein, approximately 50 per cent of the dry weight. Am- 
monium sulfate and calcium phosphate gel treatments were used in an 
attempt to free the extracts of interfering enzymes and especially of solu- 
ble compounds such as glutamic acid and a-ketoglutaric acid, which might 
act as intermediate carriers. The procedure finally accepted (see Diagram 
1) resulted in only a 4-fold purification and a recovery of about 10 per cent 
of the enzyme. The enzyme was approximately 60 per cent resolved with 
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Diaaram 1 
Fractionation of Cell-Free Alanine Racemase 
Suspend 5 gm. vacuum-dried cells (15,000 racemase units) and 2.5 gm. powdered 
carborundum (No. 500) in 50 ml. 0.1 m phosphate buffer, pH 8.1; subject to sonic 
oscillation 1 hr. at 8°; centrifuge 


I 
Resuspend in 50 ml. 0.1 m phosphate buffer, pH 
8.1; subject to sonic oscillation 14 hrs.; centrifuge 
l 















Cell débris; discard Combine _ supernatants 


(14,550 units); add solid 
(NH,)2SO, to 100% satura- 
tion; centrifuge 








Dissolve in 100 ml. 0.1 m phosphate buffer, pH 8.1; Discard 
add saturated (NH,)2SO, to 40% saturation; 
centrifuge 
| 
Discard Add saturated (NH,)2SO, to 


75% saturation; centrifuge 


Dissolve in 50 ml. 0.1 m phosphate buffer, pH 8.1 Discard 
(5700 units); add saturated (NH,)2SO, to 50% 
saturation; centrifuge 








i 
Discard Add saturated (NH,)2SO, to 
66% saturation; centrifuge 


| 


Dissolve in 50 ml. 0.1 m phosphate buffer, pH 8.1 Discard 
(5180 units); add saturated (NH,)2SO, to 58% 
saturation; centrifuge | 








we 
Discard Add saturated (NH,)2SO, to 
: 78% saturation; centrifuge 


Dissolve in 25 ml. 0.1 m phosphate buffer, pH 8.1 Discard 


(2800 units); add with stirring 3.58 gm. 
Cas(POx)2 gel; centrifuge | 








| 


Wash with four 50 ml. portions of water; centrifuge Discard 


| 


Elute with 25 ml. m phosphate buffer, pH 8.1; stir Discard washings 
2 hrs. in cold; centrifuge | 
| 


Alanine racemase, 25 ml., 2100 


units, 14% recovery; 60% 
resolved 








Discard 
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respect to BealP. By a slight modification of this procedure, namely pre- 
liminary fractionation with lower levels of ammonium sulfate, 80 to 90 per 
cent of the enzyme could be resolved. The fractionated enzyme could be 
stored in 4° in pH 8.2 buffer without loss in activity. The characteristics 
of the alanine racemase and evidence that other carriers or enzymes are 
not required for racemase action are described in the following section. 


Characteristics of Alanine Racemase 


The fractionated preparations catalyzed the transformation of either 
isomer of alanine to the racemic mixture in the presence of the coenzyme 
and the specific substrate. In these experiments, the enzyme and pyri- 


Tasie I 
Purification of Alanine Racemase 





Treatment Activity | Recovery [Resolution —_ 
- 





units per cent | per cent 


. Cell suspension (5 gm. dried cells in 50 ml. | 15,000 | 100 
0.1 m phosphate, pH 8.1) 


_ 








2. Extract (24 hrs. sonic oscillation) 14,550 96 78 14.8 
3. (2) pptd. saturated (NH4)2S0,; repptd. 40- | 5,700 37 72 
75% saturated (NH,)2SO, 
4. (3) pptd. 50-66% saturated (NH,)2SO, 5,180 34 
5. (4) pptd. 58-70% saturated (NH,):SO, 2,880 19 68 
6. (5) adsorbed on Ca;(PO,)2 gel eluted with 1 | 2,100 14 60 50.8 


M phosphate, pH 8.1 

















* Units per mg. of protein. ; 


doxal phosphate were incubated with either p- or L-alanine and samples | 
were removed for analysis at intervals over a 4 hour period. The results _ 
are shown in Fig. 3. The total alanine concentration remained essentially | 
constant, while the p-alanine content increased with t-alanine as the sub- | 
strate and decreased with p-alanine as the substrate. In both cases, the / 
p-alanine content approached one-half the total alanine present, thereby | 
indicating the formation of the racemic mixture. In the absence of pyri- t 
doxal phosphate, little racemization occurred, thus demonstrating the pyri- | 
doxal phosphate dependence of the racemase, this enzyme preparation | 
being almost completely resolved with respect to the coenzyme. As the 

data show, the fractionated enzyme catalyzes the same over-all reaction ) 
as the dried cell preparation. As is shown in Fig. 3, the inversion of the 
two isomers of alanine occurs at equal rates; in addition, the reaction in 
each direction is activated to the same extent by pyridoxal phosphate and 
each isomer yields a racemic mixture. These data suggest a direct racemi- 
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Fia. 3. Equilibrium of the ‘‘racemase”’ reaction. Conditions, per tube, 0.6 ml. of 
1 m phosphate buffer, pH 8.1; 1.2 ml. of enzyme, 0.6 ml. of calcium pyridoxal phos- 
phate, 200 y per ml. as indicated, and water to 5.4 ml. Incubate 5 minutes at 37°; 
add 0.6 ml. of 0.2 m, p- or L-alanine as indicated; remove aliquots for p-alanine and 
total alanine determinations at times indicated. Stop the reaction by immersion in 
boiling water for 5 minutes. 





ALANINE RACEMASE 
S. FAECALIS | 
pH OPTIMUM 


7 ams 


Pa 


LL 
L/ 


05 6 i 3 8 9 10 
pH 
Fie. 4, Alanine racemase activity as a function of pH. Conditions, per tube, 0.5 
ml. of 1 m phosphate buffer, pH, as indicated; 1.0 ml. of enzyme; 0.2 ml. of calcium 
pyridoxal phosphate, 200 y per ml., and water to1.9 ml. Incubate 5 minutes at 37°; 
add 0.6 ml. of 0.2 m t-alanine and allow the reaction to proceed 30 minutes. Stop 
the reaction by immersion in boiling water for 5 minutes. 
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zation as the mechanism of p-alanine formation. Other evidence on this 
point is presented in the section on “Mechanism.” 
The curve for the optimum pH for racemase action is shown in Fig. 4. 





ALANINE RACEMASE:~ S. FAECALIS 
SUBSTRATE SATURATION 
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Fic. 5. Substrate saturation curve for alanine racemase. Conditions as in Fig. 1, 
except for 0.2 ml. of enzyme and substrate levels as indicated. 
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Fia. 6. Pyridoxal phosphate saturation curve for alanine racemase. Conditions 
as in Fig. 1, except for 0.2 ml. of enzyme and calcium pyridoxal phosphate levels as 
indicated. 


Since p-amino acid oxidase does not function at an acid pH, the static assay 
was used. The optimum for racemase action was above pH 8. ' 

The substrate saturation curve is shown in Fig. 5. The low affinity of 
the enzyme for its substrate is indicated by the lack of enzyme saturation 
at 80 um of p-alanine per 3 ml. (0.027 m). The half saturation level, 
Michaelis-Menten constant K,, as estimated from the linear plots of the 
data according to Lineweaver and Burk (25), is about 8.5 X 10-* Mm, or 25 
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um per3 ml. The racemase is specific for alanine, as indicated by the lack 
of racemization of other amino acids, including a-aminobutyric acid, cys- 
teine, serine, leucine, threonine, proline, hydroxyproline, lysine, arginine, 
histidine, tyrosine, tryptophan, or aspartic acid. 

A coenzyme saturation curve for activation of the apoenzyme is shown 
in Fig. 6. Virtually full activity is restored by 10 y of calcium pyridoxal 
phosphate (purity factor = 0.5) per3 ml. Half maximum velocity, K, is 
restored by 2 X 10-* Mm or about 0.9 y of calcium pyridoxal phosphate per 
ml. Thus the dissociation constant for pyridoxal phosphate for the ala- 
nine racemase is comparable to that of tryptophanase (26), K = 2.1 X 
10-*, and the pig heart transaminase (27), K = 1.5 X 10-, but higher 
than that of tyrosine decarboxylase (28), K = 1.5 & 10°. 

Pyridoxamine phosphate,? shown to be free of pyridoxal phosphate by 
assay with tyrosine apodecarboxylase, was found to be inactive as a co- 
enzyme for the racemase. 


Mechanism 


From the data obtained with the dried cells and the cell-free enzyme, it 
appears that alanine is racemized by a single enzyme for which pyridoxal 
phosphate and the specific substrate (D- or L-alanine) are the only essen- 
tials. However, in crude preparations other substances may act either as 
carriers or as intermediates (aspartic-alanine transamination (27)). There- 
fore, transamination involving both isomers of alanine and a-ketoglutarate, 
other a-keto acids, or pyridoxal phosphate was considered. The possibility 
of a transamination was determined by measuring alanine formation in the 
presence of the racemase and pyruvate with several L-amino acids and also 
pyridoxamine phosphate as amino group donors. No alanine formation 
could be detected. 

To determine whether free pyruvate occurs as an intermediate, racemi- 
zation of L-alanine was carried out in the presence of DPNH,, lactic de- 
hydrogenase, and an excess of pyridoxal phosphate. In this system the 
formation of as little as 1 y of pyruvate could be detected. With this 
assay for pyruvate formation, no decrease in absorption (DPNH: oxida- 
tion) was observed during the racemization of 250 ul. of L-alanine, thus 
indicating that free pyruvate does not occur during the reaction. 

It was thought that, if an a-keto acid acted as a carrier in the racemi- 
zation, its level might be limiting in the fractionated enzyme preparation. 
To test the possible function of a-keto acids in racemization, pyruvate, 
oxalacetate, and a-ketoglutarate were added with t-alanine, but no in- 
crease in the rate of racemization was observed. 


*We wish to thank Dr. E. E. Snell for a generous supply of pyridox- 
amine phosphate. 
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It is still possible that a symmetrical intermediate such as pyruvate is 
involved in racemization and is tightly bound in the enzyme, as is 
a-glucose-1 ,6-diphosphate in the phosphoglucomutase (29-31) reaction. 
Among other symmetric intermediates which could be involved in racemi- 
zation, propionic, acrylic, and aminoacrylic (32) or «,a’-diaminopropionic 
acids should be considered. These possibilities have not been tested. 


Distribution of Alanine Racemase 


The essentiality of p-alanine for growth of S. faecalis, and its occurrence 
in the cellular protein of this and related organisms (14), raises the question 
of the general occurrence and importance of p-amino acids in living cells, 
To determine whether p-alanine formation occurs generally, several species 
of bacteria have been examined for alanine racemase. The activity of 


TaBLeE II 
Alanine Racemase Content of Bacteria 

















Organism Qalanine Organism Qalanine 
S. faecalis R 51 P. fluorescens, A.3.12 80 
vi et”  FACC] 67 B. subtilis C-4 81 
“ bovis P-20 6 “ brevis, san 7 17 
L. mesenteroides 39 34* | “ * ATCC 4810 34 
Staphylococcus aureus 2 48 “ polymyza, sp. 20 
E. coli B 23 Clostridium welchit, BP6K 15 
SRS 9 R. rubrum, §.1 41 
A. aerogenes 1 76 Aspergillus niger, Nickolas 0 
Proteus vulgaris OSU 22 Saccharomyces cerevisiae, sp. 0 





* Cell-free extract. 


representative species of bacteria from a variety of media is shown in Table 
Il. Escherichia coli was grown in a glucose-inorganic salts medium (33), 
Pseudomonas fluorescens in a mineral medium with mandelate as an energy 
source (34) and Rhodospirillum rubrum in a mineral, malate, yeast-water 
medium with light as an energy source. For the majority of the other 
organisms, a yeast extract-tryptone medium with or without carbohydrate 
was used. All the bacteria tested exhibited racemase activity with Aero- 

~ bacter aerogenes, P. fluorescens, and Bacillus subtilis showing the greatest 
activity. This observation, with Snell’s additional evidence that p-alanine 
is present in a number of bacterial species, suggests that p-alanine may be 
a growth essential for bacteria in general. 

No racemase was present in the one species each of yeast and mold 
tested. A number of animal tissues, including extracts of homogenized 
rabbit liver, kidney, brain, heart, and muscle, assayed under conditions 
satisfactory for the demonstration of the bacterial racemase, did not reveal 
activity within the range of this method. 
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SUMMARY 


The study of the enzymatic formation of p-amino acids by Streptococcus 
faecalis has shown that D-alanine is formed from L-alanine. By the use of 
dried cells, and partially fractionated cell extracts, both p- and L-alanine 
were shown to be converted to the racemic mixture. The mechanism 
appears to involve an enzyme tentatively referred to as alanine “racemase.” 

A method for measuring racemase activity has been devised which em- 
ploys a manometric measurement of D-alanine formation with D-amino acid 
oxidase. For routine assays L-alanine is used as substrate in the presence 
of excess D-amino acid oxidase. Under these conditions the rate of oxygen 
uptake is proportional to the rate of conversion of L-alanine to p-alanine. 

The enzyme has been obtained in cell-free extracts and subjected to am- 
monium sulfate precipitation and calcium phosphate gel adsorption. Both 
the dried cells and the cell-free enzyme were shown to require pyridoxal 
phosphate as a coenzyme. Pyridoxamine phosphate is without coracemase 
activity. The optimum pH for racemization with the purified enzyme is 
above pH 8. The enzyme is specific for alanine. 


BIBLIOGRAPHY 


. Hegsted, D. M., and Wardwell, E. D., J. Biol. Chem., 158, 167 (1944). 

. Lyman, C. M., and Kuiken, K. A., Federation Proc., 7, 170 (1948). 

. Camien, M. N., and Dunn, M.S., J. Biol. Chem., 182, 119 (1950). 

. Camien, M. N., and Dunn, M. S&., J. Biol. Chem., 179, 935 (1949). 

. Konikova, A. 8., and Dobbert, N. N., Biokhimiya, 18, 115 (1948). 

. Stokes, J. L., and Gunness, M., J. Biol. Chem., 157, 651 (1945). 

. Ryan, F. J., and Brand, E., J. Biol. Chem., 164, 161 (1944). 

. Regnery, D. C., J. Biol. Chem., 164, 151 (1944). 

9. Bauguess, L. C., J. Bact., 32, 299 (1936). 

10. Snell, E, E., and Guirard, B. M., Proc. Soc. Nat. Acad. Sc., 29, 66 (1943). 

ll. Snell, E. E., J. Biol. Chem., 168, 497 (1945). 

12, Bellamy, W. D., and Gunsalus, I. C., J. Bact., 50, 95 (1945). 

13. Holden, J. T., Furman, C., and Snell, E. E., J. Biol. Chem., 178, 789 (1949). 

14. Holden, J. T., and Snell, E. E., J. Biol. Chem., 178, 799 (1949). 

15. Wood, W. A., and Gunsalus, I. C., Federation Proc., 9, 249 (1950). 

16. Gunsalus, I. C., and Bellamy, W. D., J. Biol. Chem., 155, 357 (1944). 

17. Lichstein, H. C., Gunsalus, I. C., and Umbreit, W. W., J. Biol. Chem., 161, 311 
(1945). 

18. Negelein, E., and Brémel, H., Biochem. Z., 300, 225 (1938-39). 

19, Aqvist, S. E. G., Acta physiol. Scand., 18, 297 (1947). 

20. Barker, S. B., and Summerson, W. H., J. Biol. Chem., 188, 535 (1941). 

21. Straub, F. B., Biochem. J., 34, 483 (1940). 

22. Epps, H. M. R., Biochem. J., 88, 242 (1944). 

23. Fodor, P. J., Price, V. E., and Greenstein, J. P., J. Biol. Chem., 178, 503 (1949). 

24. Ohlmeyer, P., Biochem. Z., 297, 66 (1938). 

25. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

26. Wood, W. A., Gunsalus, I. C., and Umbreit, W. W., J. Biol. Chem., 170, 313 

(1947). 


on Ooo Ff whe 








416 ALANINE FORMATION OF AMINO ACIDS 


BN 


. O'Kane, D. E., and Gunsalus, I. C., J. Biol. Chem., 170, 425 (1947). 
. Gunsalus, I. C., and Umbreit, W. W., J. Biol. Chem., 170, 415 (1947). 


29. Jagannathan, V., and Luck, J. M., J. Biol. Chem., 179, 561 (1949). 


2s 


32. 
. Monod, J., and Wollman, E., Ann. Inst. Pasteur, 78, 937 (1947). 
34, 


. Jagannathan, V., and Luck, J. M., J. Biol. Chem., 179, 569 (1949). 
. Sutherland, E. W., Cohn, M., Posternak, T., and Cori, C. F., J. Biol. Chem., 


180, 1285 (1949). 
Chargaff, E., and Sprinson, D. B., J. Biol. Chem., 161, 273 (1943). 


Stanier, R. Y., J. Bact., 65, 477 (1948). 





— 











ace 
the 
pre 
ent 
lize 
wit 


" 
and 
cen 
In 
ries 
at 
abs 
bra 
in ] 
wer 

T 
end 
25° 
atm 
der 
tem 
atm 


x 


omm 
the 
of th 
Nati 
t 
forni 


1 
e 





tl 





PRESSURE-TEMPERATURE RELATIONSHIP IN THE RATE 
OF CASEIN DIGESTION BY TRYPSIN* 


By DEAN FRASER} anp FRANK H. JOHNSON 


(From the Department of Biology, Princeton University, Princeton, New Jersey, and 
the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, December 9, 1950) 


Hydrostatic pressures of 500 to 700 atmospheres have been shown to 
accelerate the observed rate of certain processes both in living cells, e.g. 
the light-emitting oxidation of luminous bacteria, and in crude enzyme 
preparations at temperatures higher than the normal optimum.’ The pres- 
ent study provides exploratory data concerning the activity of a crystal- 
lized enzyme preparation, trypsin, in relation to temperature and pressure, 
with casein as substrate. 


Methods 


The experimental procedure is that described in the previous paper (1), 
and comprises the digestion at various temperatures and pressures of 1 per 
cent Difco “isoelectric” casein by approximately two-thirds its volume of 
| mg. per ml. of crystalline trypsin (Worthington Biochemical Laborato- 
ries, ‘‘once purified crystalline trypsin” assay approximately 50 per cent) 
at pH 7.30. The per cent casein undigested is obtained by measuring 
absorption at 280 my of a trichloroacetic acid filtrate by using the cali- 
bration curve described in the previous paper (1). Typical data are shown 
in Fig. 1 and in Table I. Even with the utmost care, individual points 
were sometimes erratic. 

The temperature range that could be studied was limited at the lower 
end by the melting point of the hydrocarbon barrier. With hexadecane, 
25° was about the lowest temperature that could be safely employed at 
atmospheric pressure. But the melting point is raised several degrees un- 
der pressures of 500 to 700 atmospheres, and consequently the lowest 
temperature that could be safely employed with this technique at 680 
atmospheres (10,000 pounds per sq. in.) was 35°. Tetradecane, an avail- 


* This work was done in part under a grant by the American Cancer Society rec- 
ommended by the Committee on Growth of the National Research Council under 
the direction of Professor F. H. Johnson, and in part under a fellowship 
of the American Cancer Society recommended by the Committee on Growth of the 
National Research Council. 

} Present address, Virus Laboratory, University of California, Berkeley, Cali- 
fornia. 


Johnson et al., cited by Fraser and Powell (1). 
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able hydrocarbon with a lower melting point, could not be obtained in time 
for this study. 


Kinetics 
With the data now available, further discussion requires several some- 
what arbitrary assumptions. These are partly justified by the reasonable 
nature of the results. 


The previous study at atmospheric pressure and 35° has shown that the 
self-digestion of trypsin can be safely neglected (1). The kinetics at 35° is 
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Fig. 1. Typical temperature and pressure data of the digestion of casein by 
trypsin. Ordinate, per cent not reacted; abscissa (logarithmic), time in minutes. 
25° data fitted by the standard theoretical curve (cf. (1)); 55° at 10,000 pounds per 
sq. in. data fitted by a theoretical curve, including secondary parameters (cf. the 
text). XX, 25°; O, 35°; A, 55° at atmospheric pressure; @, A, corresponding points 
at 10,000 pounds per sq. in. 


then that of a first order reaction on casein and trypsin, complicated by 
inhibition of the digestion by reactants and reaction products. One may 
postulate the digestion reactions 


ry + 0 -& 0c) - G4 + tT. &@ COAX) 
K. y Kp 


and the additional reactions for the reversible denaturation of trypsin (2) 


TOS Ea Ty es Te STD) 
Ka Ke 


in which T, is active trypsin, C is casein, T,-C is the reaction complex, 
C, is digested casein, T.-C, is trypsin inhibited by product, Ty is denatured 


trypsin, T,-T, is active trypsin inhibited by denatured trypsin. k repre- | 


sents the corresponding rate or equilibrium constant. Substitution for T, 
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in the general rate equation in terms of the various forms of trypsin indi- 
cated above, as in the previous paper (1), and introduction as formerly of 
the variable a, the degree of reaction, lead to a rate equation in terms of 


Temper- 





ature 


°C, 


25 


35 











Tass I 
Digestion of Casein by Trypsin at Various Temperatures and Pressures 
Pressure Time nated beg Pressure Time Bs Snot 
lbs. Cc. lbs. 
Atmospheric See Fig. 1 50 Atmospheric 4 52 
5,000 6 49.5 
10,000 9 31.5 
12 34.5 
Atmospheric | See Fig. 1 7 aa 
5,000 3 55.8 : 
6 | 49.0 20 | 25.0 
9 39 22 23.6 
12} 37.7 5,000 4 51.8 
16 | 30.5 ra Bi 
19 | 29.2 eae 
20 98.2 12 30.6 
10,000 See Fig. 1 zs pp 
Atmospheric 3 51.0 10,000 3 56.7 
6 37.0 6 42.5 
9 40.5 9 32.5 
12 23.0 144 25 
15 20 15 23 
18 27.1 18 16 
25 20.3 55 Atmospheric See Fig. 1 
5,000 3 54.5 
6 48.1 5,000 11 28.5 
9 38.5 12 33.6 
12 | 32.5 16 | 2.5 
15 | 25.0 19 | 25.3 
18 14.3 10,000 See Fig. 1 
10,000 3 57.0 
zi 42.2 
9 33.8 
13 27.3 
14 24 




















original charges of casein (Co) and trypsin (To) which may be integrated 
if we eliminate the Ta term. Since we have shown (1) that trypsin self- 
inhibition is negligible at 35°, we may assume that as a first approximation 
it can be neglected in the present work. The integrated equation 
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is of the same form as that for the simpler case considered previously (1), 
but involves several more parameters which cannot, without further infor- 
mation, be eliminated. By choosing a set of representative values for 
these terms, theoretical curves may be drawn. As pointed out in the pre- 
vious paper, introduction of the additional terms serves to make the curve 
steeper in its middle portion (cf. Fig. 1). Fig. 1 shows that the data for 
higher temperatures, particularly with increased pressure, are fitted better 
by such steeper curves. With the available information, however, it would 
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3.05 34 315 32 325 3.3 3.35 
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55° 50° 45° 35° 25°C 


Fig. 2. The digestion of casein by trypsin. Ordinate (logarithmic), reciprocal 
of k from theoretical curves; abscissa, reciprocal of T°K. Fitted by a theoretical 


4 


| 


curve derived from the two straight lines. , atmospheric pressure; A, 5000 pounds 


per sq. in.; O, 10,000 pounds per sq. in. 


be grossly inaccurate to attempt to evaluate the secondary parameters by 
curve fitting. The best procedure would be to secure, in addition, data 
on the trypsin-trypsin system and on the effect here of Cy variation. 

We may summarize the data by choosing any value of a through which 
all of the sets pass; here a = 0.6. The intercepts, obtained by passing 


theoretical or even arbitrary curves through the sets, are proportional to | 


k, the rate constant, as explained in the previous paper (1). The loga- 
rithms of their reciprocals are plotted against the reciprocal of absolute 
temperature in Fig. 2. 

Although the resulting set of curves cannot be justifiably used for evalu- 


ating the various reaction constants, several interesting things may be 
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seen. If it is assumed that the two main effects being observed are the 
normal thermal increment of the digestion and its gradual eclipse by the 
disappearance of active enzyme through denaturation, it may be said 
that the enzyme denaturation begins to predominate above 45°, a finding 
in general agreement with the previous work of Anson and Mirsky (2). 
The reaction under increased pressure nearly parallels the atmospheric 
curve and at a distance which suggests a net AV of about 5 to 10 ml., con- 
siderably smaller than the volume change (about 100 ml.) which has been 
found typical of a number of protein reactions, but consistent with the 
hypothesis of competing reactions. The points at higher temperatures 
suggest that pressure is here becoming more effective in speeding the over- 
all reaction; 7.e., that the pressure is preferentially repressing the dena- 
turation of the enzyme. 

Actually the curve shown in Fig. 2 is the sum of the two straight lines 
shown. Thus the data may quite possibly be the result of two principal 
reactions, casein digestion and trypsin denaturation. More than two re- 
actions may well be involved, however. Further interpretation of the 
kinetics of this system, however, obviously requires independent study of 
the reactions of trypsin alone and variation of the initial charges of casein 
and trypsin over a range of temperature and pressure. 


The authors wish to thank Professor Henry Eyring and Professor R. E. 
Powell for discussions and helpful suggestions. 


SUMMARY 
The digestion of casein by trypsin has been studied at 25°, 35°, 45°, 50°, 


and 55° at atmospheric pressure, and at the last four of these temperatures 
at 340 and 680 atmospheres of hydrostatic pressure. The data show a 
maximum rate at normal pressure at about 47° in agreement with the pre- 
vious knowledge of the denaturation of trypsin. The pressure data show 
that a relatively small net volume change is involved, but that the reaction 
is speeded somewhat by pressure at higher temperatures, probably because 
of a preferential repression of the denaturation of the enzyme. 
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RATE OF FORMATION OF MYOSIN IN THE MUSCLE OF 
THE RAT* 
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The rate of incorporation of amino acids into tissue proteins varies from 
organ to organ. ‘This rate is high in liver and intestine and low in the 
muscle proteins, and there is some evidence that, at least in the muscle, 
not all constituents are equally involved in the continuous breakdown and 
resynthesis (1). Sprinson and Rittenberg (2) have suggested that of the 
muscle proteins of the rat only half is involved in the rapid turnover; the 
other part of these proteins is relatively inactive. 

The investigation of muscle proteins has shown the existence of two pro- 
teins, myosin and actin (8). The rates of regeneration of these two struc- 
tural proteins of the muscle were determined in rats by feeding them la- 
beled glycine and in one experiment heavy water. The data show that 
the myosin and actin have a rate of regeneration less than that of average, 
total, muscle proteins. 


EXPERIMENTAL 


Adult normal rats, weighing about 300 gm., were given a diet of the fol- 
lowing composition: 68 per cent starch, 15 per cent casein, 5 per cent 
yeast, 4 per cent Osborne and Mendel salt mixture (4), 6 per cent Wesson 
oil, and 2 per cent cod liver oil. 15 gm. per day per rat were given for 4 
days prior to the addition of the labeled amino acid. Glycine labeled 
with C™ in the carboxyl group and glycine labeled with N’* (5) were used 
in the different experiments. In Experiment 4 (Table I) heavy water was 
administered. 

The labeled glycine was dissolved in a few ml. of water, mixed with the 
diet, and fed for 2 days. During this period the diet was restricted to 5 
gm. per day per rat. In Experiment 4, the heavy water was injected 
intraperitoneally 24 hours before the end of the experiment. The experi- 
mental data are given in Table I. 


* This work was supported in part by a grant from the American Cancer Society, 
recommended by the Committee on Growth of the National Research Council. 

+ Present address, Universidad Nacional de Buenos Aires, Facultad de Ciencias 
Medicas, Escuela de Farmacia y Bioquimica, Quimica 2° curso, Instituto de Fisiolo- 
gia. The author is indebted to the International Federation of University Women 
for an Ohio State International Fellowship. 
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At the end of the 2 days during which labeled glycine was fed, the rats 
were sacrificed by decapitation and the muscle and internal organs re- 
moved. Urine was collected during the 2 days that the rats were given 
the diet of isotopic amino acids. 

Myosin and Actin Preparation—The procedure employed was essentially 
that used by Szent-Gyérgyi and collaborators (3) for the isolation of myo- 
sin and actin from rabbit muscle. To illustrate the isolation the N' con- 
centrations of most fractions obtained in Experiment 3 are given. 

Myosin—The skinned and eviscerated carcasses were dipped into ice 








TABLE I 
Amounts of Labeled Compound Administered to Rats 
Experiment No, No. of rats Rat weight ‘an on _ a og gal ral oy pdms 
2 days in 2 days* 1 day 

gm. mg. mg. ml. 

1 2 280 
265 200} 16.6 

2 3 330 
340 200 22.54 
350 

3 a 280 
280 200§ 
290 
300 

4 3 304 
304 200§ 3.25 
306 




















* 725,000 c.p.m. of C'4-glycine. 

+ Heavy water contains 100 per cent deuterium. 
¢ 30 per cent N*-glycine. 

§ 32 per cent N'-glycine. 


water for 2 to 3 minutes. The muscles of the hind legs and the back were 
then quickly removed, cooled in ground ice for a few minutes, and minced 
in a cooled Latapie mincer. Every 100 gm. of muscle were suspended in 
300 ml. of potassium chloride-potassium phosphate buffer of Guba and 
Straub (6), pH 6.5, at 0° and stirred gently for 10 minutes. After this 
treatment the suspension was diluted with water at room temperature, 4 
volumes being added for every volume of buffer solution used. The sus- 
pension was rapidly strained through a cloth and pressed out. The solu- 
tion (0.243 atom per cent excess N'5) was employed in the preparation of 
myosin and the residue (0.164 atom per cent excess N"') in the preparation 
of actin. 

The resulting turbid liquid was warmed to 20° and stirred gently. The 
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adenosinetriphosphate present in the fresh muscle gradually decreases as 
it is split by the myosin. Szent-Gyérgyi (3) and collaborators observed 


— 


Y that, in the case of rabbit muscle, this process is accomplished within 1 to 
2 hours, and, then, any actomyosin present is precipitated. In the case 
y of rat. muscle the splitting of adenosinetriphosphate (ATP) proceeds more 


- rapidly and the actomyosin is precipitated within 30 minutes to 1 hour. 
- We call this fraction actomyosin I (0.172 atom per cent excess N'*). The 
excess of myosin remains in solution (0.246 atom per cent excess N°). 

e The actomyosin I was removed by centrifugation, and the supernatant 
fluid cooled to 0° and, with vigorous stirring, diluted with 1.5 volumes of 
ice-cold distilled water. The suspension was allowed to stand for 1 to 2 
" hours at 0°. The precipitated myosin was separated by centrifugation at 
D | 0°. (The supernatant phase had an N* concentration of 0.271 atom per 

cent excess.) 

The precipitated myosin was suspended in 0.02 m KCl and centrifuged 
at 0°. The washed myosin (0.212 atom per cent excess N15) was dissolved 
by the gradual addition of 0.02 m K,CO; containing 0.01 per cent phenol- 
phthalein and by using 4 ml. of 2 m KCl per gm. of myosin present. If 
the solution was not pink (pH 8), more K,CO; was added. Then for 
every ml. of 2 m KCl employed 50 ml. of water at room temperature were 
added with vigorous stirring. At this point protein precipitated. We 
call this actomyosin II (0.347 atom per cent excess N"). This fraction 
was removed by centrifugation at room temperature. The precipitate 
(actomyosin IT) still contains considerable quantities of myosin and was 

treated again with 2 m KCl, but with only half the amount used before, 

—. diluted with water, and centrifuged. The supernatant liquid was added 

' to the other myosin solution. Actomyosin II is not the same as acto- 
myosin I. 

The combined supernatant phases were cooled to 0° and 0.5 per cent 

acetic acid was added with vigorous stirring until pH 7 was reached. 


ere Myosin precipitated (0.178 atom per cent excess N'5). The precipitate 
ed was redissolved in 2 M KCl and the solution was gradually diluted at 0° 
in } with vigorous stirring until the KCl concentration decreased to 0.04 to 
ind 0.025 m. The precipitated myosin (0.167 atom per cent excess N!*) was 
his centrifuged and the wet precipitate dissolved by addition of 2 m KCl, 
, 4 until the concentration of the KCl reached 0.5 mM, and kept at 0°. Under 
us- these conditions the myosin can be kept for 2 to 3 weeks without being 
lu- denatured. This procedure does not yield crystalline myosin from rat 
. of muscle. 
jion | Actin—The actin was prepared by the method of Straub as modified 
| by Guba (3, 7, 8). The minced muscle was extracted with the potassium 
The | phosphate buffer, pH 6.5, of Guba and Straub, diluted with water, fil- 
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tered, and pressed out through a cloth as described in the preparation of 
myosin. The residue (0.164 atom per cent excess N'*) was suspended 
in 4 volumes of 0.4 per cent NaHCOs,, stirred 20 minutes, filtered, and 
pressed. The residue was minced once more and placed in a refrigerator 
at —12° overnight. After thawing, the residue was extracted twice with 
acetone and a third time with acetone containing 5 ml. of 0.1 m Na,CO; 
per liter (residue 0.156 atom per cent excess N!*). In Experiment 4 an- 
other method was employed (3). When the frozen muscle was thawed, 
it was extracted with a large volume of water before being extracted with 
acetone in order to remove proteins which otherwise would contaminate 
the actin solution. The residual muscle, after acetone treatment, was 
dried in air for 10 to 15 hours and stored in a desiccator until used. 

The actin was extracted from this dried muscle. The dried tissue was 
suspended in 20 ml. of CO,-free water for every gm. of muscle, mixed very 
gently, allowed to stand 15 minutes, and then filtered through a Biichner 
funnel. The extract was limpid and contained 0.6 to 1 mg. of nitrogen 
per ml. of extract (0.134 atom per cent excess N'5, residue 0.162 atom per 
cent excess N!5), We observed that the water-soluble proteins of the 
dried residual muscle decrease when stored at room temperature. 

In Experiment 2 the actin solution (0.286 atom per cent excess N15) was 
precipitated with CaCl. The precipitated fraction had a different N'® 
concentration than did the solution from which it was derived (0.152 atom 
per cent excess N15), 

Electrophoresis Studies'\—The electrophoresis studies of our samples were 
made with a 1 per cent myosin solution in veronal-acetate buffer, pH 7, 
of Balenovic and Straub (9). The preparation was largely one compo- 
nent, with 1 to 5 per cent of another protein. The mobility determined in 
two samples was —2.1 X 10 —*° sq. cm. per volt per second and —2.3 X 
10-5 sq. cm. per volt per second, respectively. 

Viscosity of Myosin—The viscosity of solutions of our myosin in veronal 
buffer, pH 7.0, at 0° was similar to that found by Guba and Straub (10). 
The relative viscosities at concentrations of 0.5, 1.0, 1.5, and 2.0 mg. of 
myosin per ml. were 1.122, 1.262, 1.331, and 1.520, respectively. 

Effect of ATP on Myosin Solutions and on Myosin and Actin Solutions 
(Actomyosin)—Our preparations showed the typical effects of addition of 
ATP on viscosity. To the myosin and actin obtained by the procedures 
described above was applied the Straub (7, 8) method of determination of 
“activity.” An Ostwald-Fenske viscosimeter was used. The actin solu- 
tion was activated with KCl as was stated by Straub (actin solution stand- 


1 The electrophoresis determinations were made in the Electrophoresis Labora- 
tory, College of Physicians and Surgeons. 
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ing at 22° in 0.1 m KCl for 15 minutes). The results are shown in Table 
II. They suggest that the myosin was practically free of actin. 

Enzymatic Properties of Myosin—Myosin has two well studied enzy- 
matic properties: it acts as adenosinetriphosphatase and as adenylic acid 
deaminase; both activities remain after several precipitations of the 
protein. 

Our myosin samples showed adenosinetriphosphatase activity. The 
amount of phosphate liberated increases proportionally to the amount of 
myosin. The value, Qp (amount of phosphorus expressed as microliters 
of gas liberated per mg. of substance per hour), obtained is about 150, 
which is lower than that obtained by others (11, 12) for rabbit myosin. 


TaBLeE II 
Effect of ATP on Viscosity of Solutions of Myosin and Actin 








Substances Relative viscosity 

BOUSIOR oo. 6:5 60.53 Sea ES So or a Rae ee 1.03 
G Tie. OF MY OSM oc hc ookedcest scat eee i eee 1.25 
Gar ce “ ORGINAL + osecuuis ccacseeeeee eres 1.25 
fine ee as + 0.3 ml. of activated actin solution...... 1.89 
6 cc “ce 73 a 0.3 ‘ec 6c “ce ce “cc 

POTS me AEP: 2 occ dak ne ee ee 1.34 
0.3: ml..of activated actin dolution: ........6.025%ae.5- ceca nee 1.10 
C208. (f58 as ss “ -- 0.15 me ATP... 2o 25: 1.10 





The determinations of viscosity were made in the buffer of Balenovic and Straub 
(9) at 0°. Total volume of solution 6 ml. The actin solution contained 6.9 mg. 
per ml. of protein. 





Determination of N°, C%, and D 


Measurement of Radioactive Carbon in Myosin and Actin—In Experi- 
ment 1 (Table III) these proteins were lyophilized and transferred to a 
counting dish suspended in alcohol. The alcohol was evaporated and the 
residue equilibrated with air for 24 hours. In the other experiments the 
myosin and actin were prepared for counting by precipitation of the pro- 
tein with 5 per cent trichloracetic acid. The precipitate was washed three 
times with alcohol and three times with ether, dried, and equilibrated for 
1 day in the room. The counts per minute were determined in glass 
dishes with a diameter of 17.5 mm. A standard sample was also counted 
to serve as comparison. The results given were calculated on the as- 
sumption that protein contains 50 per cent C. 

Measurement of Isotopic Nitrogen in Myosin, Actin, Actomyosin, and 
Other Proteins from Muscle—The isotopic nitrogen was determined in the 
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protein samples obtained by the method of Rittenberg and collaborators 
(13-15). 

Urine Urea—The C™ and the N' of the urea were determined by treat- 
ing urine, in buffered medium, with urease and collecting the CO, 
in Ba(OH): or the NH; in H.SOy. The radioactivity of BaCO; was deter- 
mined (corrected for scattering) and was calculated as activity of pure C. 

Internal Organs—For determination of C and N* in liver and in the 
internal organs they were extracted successively with 5 per cent trichlor- 
oacetic acid, three times with alcohol, and twice with ether. The res- 
idues were washed six to seven times with 5 per cent trichloroacetic acid 
to remove glycogen and then washed with alcohol. The residues were 
hydrolyzed 24 hours with 20 per cent HCl and treated with Darco, and 
the HCl was removed by vacuum distillation and treatment with silver 
carbonate. In Experiment 4 the solution of amino acids was taken to 
dryness in order to determine the deuterium concentration. 

A portion of the amino acid mixture was oxidized to CO. by the method 
of Van Slyke and Folch (16). The CO: was collected in Ba(OH): and 
the C™ activity of the BaCO; determined. 

Muscle—When only N'* was used in the experiment, the N!® excess was 
determined in a portion of ground muscle washed with 5 per cent trichlo- 
roacetic acid, alcohol, and ether. However, when C“ and D were used, 
the lipides were removed as above and the residue was hydrolyzed. The 
determination of the N'® and C' was made either on the amino acid hy- 
drolysate or on the dried powder of total amino acids. 

In the myosin and actin the deuterium was determined directly on dried 
samples of these proteins. In the case of muscle or internal organs the 
deuterium was determined in the total amino acids as dried powder. (A 
correction of 25 per cent was made for the hydrogen atoms introduced in 
the hydrolysis of the peptide bond.) 


DISCUSSION 


The rate of incorporation of N' into proteins after continuous feeding 
of an N'-labeled amino acid is proportional to the rate of regeneration of 
the protein. The data of these experiments are in agreement with pre- 
vious ones which demonstrated that the rate of incorporation of N' into 
muscle protein is considerably less than in either liver or the other internal 
organs (1). Sprinson and Rittenberg (2) have suggested that muscle 
proteins are a mixture of more or less actively regenerating proteins. At 
least in the rat, muscle myosin regenerates at a rate slower than that of 
the average total muscle (see Table III). The same seems to be true for 
the mixture called actin. Similar conclusions may be drawn from the 
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data resulting from the use of C-labeled glycine and from D,O. The 
components of the cell which are more (as well as less) active than the 
average are neither myosin nor actin (2). 

During the purification of the myosin, contaminating actin is precipi- 
tated as actomyosin. This precipitation takes place at two separate 
points of the purification process. The two precipitates, actomyosin I 
and II, have isotope concentrations differing by a factor of 2. Apparently 
the effect of K,CO; solution on the impure myosin fraction at pH 8 pro- 



































Taste III 
Isotope Concentrations in Myosin and Other Proteins of Rats Fed Isotopic Glycine* 
Experiment 1 Experiment 2 Epes Experiment 4 
Substance 
Nis cu Nis cu Nis Nis D 
Internal organs less liver...| 2.04 | 0.175 | 1.39 | 0.32 1.205 | 1.093 | 1.54 
DAVEE). 2.16 | 0.156 | 2.1 2.27 | 2.39 
UPee FING: i...2 ec 8.5 0.613 | 9.1 8.8 
Muaele® 2 2-65.22- 0x). eee 0.352 | 0.0263 | 0.305 | 0.0442 | 0.207 | 0.250 | 0.38 
Actomyosin I.............. 0.345 0.172 | 0.224 
Impure myosin............ 0.212 | 0.234 
Actomyosin II............. 0.615 0.602 | 0.0855 | 0.347 | 0.432 
Myosin after KHCO,....... 0.178 | 0.253 
Gt laces cr ame eT 0.226 | 0.0226 | 0.272 | 0.0317 | 0.167 | 0.179 | 0.31 
Actin solution «x. .<...4 608 0.212 | 0.0259 | 0.286 | 0.0284 | 0.134 | 0.157 | 0.30 
* The values given are all relative isotope concentrations (17) 
* ie isotope concentration in sample x 100 





~ isotope concentration in compound fed 


duces a substance which will subsequently precipitate. Indeed, we have 
little reason to believe that either the actin or the myosin is a chemical 
entity and it is not improbable that fractionation of the myosin sample is 
possible. 

The C" and D data are similar to those for N45. It is to be noted that 
the relative utilization of C'-labeled carbon atom of glycine is much 
poorer than that of the amino group. This is to be expected, since the 
amino group is known to be rapidly utilized for formation of many other 
amino acids, while the utilization of the carboxyl group of glycine is much 
more restricted. Deuterium is even more effectively introduced into pro- 
tein than isN'. Thisis certainly to be expected, since D can enter into 
most amino acids at the a-carbon atom (2) or other positions (18). 
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FORMATION OF MYOSIN IN MUSCLE 


SUMMARY 


The muscle proteins, myosin and actin, in the state of purity obtained 
by the methods now available are regenerated less rapidly than is the 
average of the total muscle proteins. 


The author is indebted to Mr. I. Sucher for the determination of the 
stable isotopes, to Dr. D. Rittenberg and Dr. David B. Sprinson for their 
invaluable help and interest, and to Miss Laura Ponticorvo for her kind 
technical help. 
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PENTADECANOIC ACID-5-C¥: ITS ABSORPTION AND 
LYMPHATIC TRANSPORT* 


By I. L. CHAIKOFF, B. BLOOM,t B. P. STEVENS,t W. 0. REINHARDT, 
anv W. G. DAUBEN 


(From the Divisions of Physiology and Anatomy of the School of Medicine, and the 
Department of Chemistry, University of California, Berkeley, California) 


(Received for publication, January 6, 1951) 


In view of the almost complete absence of odd carbon fatty acids in 
nature, it became of interest to determine whether an unnatural, long 
chain fatty acid enters the body by the same pathway as that used by 
palmitic (1, 2) and stearic acids.! We therefore studied the absorption of 
the odd carbon homologue, pentadecanoic acid, and its recovery from the 
lymph of unanesthetized rats. It is shown that nearly all of the absorbed 
pentadecanoic acid can be recovered from thoracic duct lymph as a 15- 
carbon fatty acid. This finding, in conjunction with our earlier observa- 
tions on palmitic and stearic acids! (1, 2), indicates that the transport of 
long chain fatty acids, regardless of whether they consist of an even or 
odd number of carbons, is a concern almost exclusively of lymph. 


EXPERIMENTAL 
Treatment of Rats 


Collection of Lymph—Male rats of the Long-Evans strain were used. 
They were not fasted before the cannula was introduced in their thoracic 
ducts. The procedure for the collection of lymph in the anesthetized 
state has been described (2). After recovery from the anesthesia, induced 
for the purpose of inserting the cannulae into the lymphatics, the animals 
had free access to food and a 1 per cent NaCl solution. The NaCl, by 
increasing the rate of lymph flow, inhibits the formation of clots in the 
cannula during the early interval following its introduction (3). Once a 
free flow of lymph was obtained, the NaCl solution was replaced by tap 
water. 

Administration of Labeled Fatty Acids—Pentadecanoic acid-5-C“ was 
synthesized by the method described by Dauben (4) for the preparation 
of palmitic acid-6-C™, except that 6-carbomethoxypropionyl chloride was 
substituted for the corresponding butyric acid derivative. It was ad- 


* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 

+ Fellow of the Atomic Energy Commission. 

‘ Bloom, B., and Chaikoff, I. L., unpublished observations. 
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ministered as the acid dissolved in 0.5 cc. of corn oil. The mixture was 
brought to body temperature and administered by intragastric intubation; 
for this purpose the rats were lightly anesthetized with ether. 


Methods of Analyses 


Gastrointestinal Content and Liver—At the end of the experiment, the 
animals were sacrificed. The gastrointestinal content and feces excreted 
after administration of the labeled fat were combined and analyzed for 
lipide-C as described earlier (2). The liver was also analyzed for lip- 
ide-C* (2). 

Determination of 15-Carbon Fatty Acid-C“ in Lymph by Isotope Dilution— 
The lipides were extracted from each lymph sample, saponified, and acid- 
ified; the free fatty acids were dissolved in petroleum ether according to 
the method described elsewhere (2). Aliquots of this petroleum ether 
extract were used for determination of total fatty acid-C™“ by the direct 
mounting technique (5) and for the fractionation described below. 

An aliquot of the petroleum ether solution of lymph fatty acids was 
concentrated to a small volume. The fatty acids were dissolved in ethanol 
and hydrogenated over platinum oxide. The catalyst was filtered from 
the solution and the solvent was removed by evaporation on a steam bath. 
The residue was dissolved in excess methanol, 2 cc. of concentrated sul- 
furic acid were added, and the mixture was heated under a reflux for 4 
hours. A small amount of water was added to the mixture and the 
methanol was removed by evaporation. The esters were dissolved in 
petroleum ether and washed first with 5 per cent sodium bicarbonate, next 
with water, and finally with saturated saline. The crude methyl esters 
were combined with a weighed amount of non-radioactive methyl penta- 
decanoate (Table I). An aliquot of this mixed ester sample was analyzed 
for C™ activity. 

The ester mixture was distilled according to the amplified distillation 
procedure of Weitkamp (6), with Eureka white oil as the carrier oil. A 
column packed as described by Mitchell and O’Gorman (7) was employed 
for the distillation. The distilled, oil-diluted fraction containing methyl 
pentadecanoate was saponified by refluxing with an alcoholic potassium 
hydroxide solution for 8 hours. Most of the alcohol was removed by 
evaporation and a small quantity of water was added. The carrier oil 
was removed by repeated washings with petroleum ether. The resultant 
aqueous solution of potassium pentadecanoate was acidified to precipitate 
the pentadecanoic acid. The cooled acid was filtered and recrystallized 
twice from ethanol-water, m.p. 49.0-49.5°, uncorrected (theory, 51°). A 
weighed sample of the acid was mounted directly and assayed for C™ ac- 
cording to the procedure of Entenman et al. (5). 

Calculation of C'* Content in Lymph Pentadecanoic Acid—The data used 
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in the calculation are shown in Table I. The total activity present in 
the methyl pentadecanoate was calculated from the following equation: 
the specific activity? isolated pentadecanoic acid as the ester times the 
weight of carrier added, equals the total activity in methyl pentadecano- 
ate. This equation is valid when the amount of pentadecanoic acid 
present in lymph is negligible as compared with the amount of carrier 
added (Table II). The amount of pentadecanoic acid present in the 
lymph can be calculated from the amount administered, the per cent ab- 
sorbed, and the per cent of that absorbed present in the lymph. 


TABLE | 
Pentadecanoic Acid-C™ Content of Lymph Fatty Acids 














: | in 
| Methyl esters of total fatty acids of . ss 
lymph used for distillation eeeuee” angie Total activity of abot oid 
. met * 
Rat No. | —— p entadecanoate tn —— — 
Methyl penta- i sample used for : 
Activity decanoate added Phe ieg 1 el distillation i 
as carrier 
C.p.m. gm. Soa c.p.m. 
Ol 4.26 X 105 1.23 369* 4.29 X 105 101 
03 | 3.19 X 105 1.00 304 | 2.87 X 105 90 
04 |} 3.16 X 105 1.06 272 | 2.72 X 105 86 














* To obtain the specific activity as the methyl ester, the factor 242:256 was used. 


The percentage of the original lymph fatty acid-C™ present as 15-carbon 
fatty acid-C™ is equal to 


Total activity in methyl pentadecanoate as calculated above 


— 100 
Total activity in methyl esters of lymph fatty acids " 





Results 


Four rats were studied, in which a cannula had been introduced into 
the thoracic duct. Following cessation of clot formation in the cannula, 
the rats received C'-labeled pentadecanoic acid in corn oil. The interval 
between the introduction of the cannula and administration of the labeled 
fatty acid was 22 to 31 hours (Table II). During this period the rats had 
free access to either a NaCl solution or to tap water. After the admin- 
istration of the labeled fatty acid the rats had access to tap water. The 
rate of lymph flow was 1 to 2 cc. per hour. 

22 hours were allowed to elapse between administration of the penta- 
decanoic acid and the time when the rats were sacrificed. During this 
interval, the rats absorbed 78 to 90 per cent of the administered labeled 


? Expressed as counts per minute per mg. of the fatty acid. 
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fatty acid. From 84 to 93 per cent of the absorbed C“ was found as fatty 
acid-C* in the collected lymph (Table II). 

Three samples of lymph fatty acids were esterified and fractionally dis- 
tilled along with weighed quantities of non-radioactive methyl penta- 
decanoate (Table I). The specific activity of the recovered pentadecanoic 
acid was used to calculate the activity present in the 15-carbon fatty acid 
fraction of the lymph. Of the total activity present in the mixed lymph 
fatty acids, 86 to 101 per cent was recovered in the 15-carbon fatty acid 
fraction. 

TaB.e II 
Recovery of Enterally Administered, Labeled Pentadecanoic Acid in Thoracic 
: Duct Lymph 

The pentadecanoic acid was labeled in the 5th carbon with C™. It was admin- 
istered as the free acid dissolved in 0.5 cc. of corn oil at body temperature by in- 
tragastric intubation. Each rat received 9 mg. of labeled pentadecanoic acid con- 
taining 5 X 104 c.p.m. per mg. 














P t of absorb 
Rat Total amount of lymph collected 1 net gat — oa i neeean ed 
solution dmini 
Before fat After fat, |'tapwater | absorbed* | In lymph | In liver 
F ore p water sorbe 
No. | Weight | ministration administration after pet, lipi ae-cu 
gm. hrs. cc. hrs. oe: hrs. 
Ol 250 22 52 22 23 12 90 93 0.11 
02 250 22 57 22 29 1l 78 84 0.20 
03 230 31 74 22 24 16 87 85 0.11 
04 250 31 61 22 41 31 84 91 0.13 


























* Refers to the difference between the C' administered and the lipide-C" re- 
covered in the contents of the gastrointestinal tract and collected feces. 


DISCUSSION 


The absence of odd carbon fatty acids in normal diets has stimulated 
interest in their metabolic fate. Previous investigators, prompted in part 
by the supposed antiketogenic action of odd carbon acids in diabetics, 
have claimed that 75 to 90 per cent of heptadecanoic acid, when fed as 
the triglyceride, is absorbed in normal and diabetic patients (8-10). 
Growth-promoting effects of the triglycerides of odd carbon fatty acids 
containing 3 to 17 carbons were measured by Ozaki (11). He reported 
that pentadecanoic and tridecanoic acids, among the higher acids, pro- 
moted the greatest weight gains. Although investigations of this type do 
not establish the manner of absorption of odd fatty acids, evidence of their 
absorption comes from the work of Visscher (12), who showed that un- 
decanoic acid which was fed can be stored as such in rat depots. 

The finding that, following the enteral administration of pentadecanoic 
acid-5-C™, nearly all of the C“ found in mixed lymph fatty acids was con- 
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tained in 15-carbon fatty acids leaves no doubt that during the transport 
of pentadecanoic acid across the intestinal wall it is not converted to an 
even homologue. Although the possibility of desaturation of the penta- 
decanoic acid-5-C“ was not ruled out, our findings indicate that the 
carbon chain of this long chain fatty acid is not altered in length in pas- 
sage from lumen to lacteals. 

When palmitic acid-1-C" (1, 2) or stearic acid-1-C“ was fed,! practically 
all of the absorbed C™ was recovered in intestinal lymph as fatty acid-C™. 
The observation recorded here on pentadecanoic acid, along with those on 
palmitic and stearic acids, shows that the transport of long chain fatty 
acids, regardless of whether they consist of an even or odd number of 
carbons, is a concern almost exclusively of the lymph. 


SUMMARY 


1. Pentadecanoic acid-5-C“ dissolved in corn oil was fed to rats into 
whose thoracic ducts the cannula had been introduced. Lymph was col- 
lected while the animals were unanesthetized. 

2. From 78 to 90 per cent of the administered C“ was absorbed. From 
84 to 93 per cent of the absorbed C™ was recovered in lymph as C*-la- 
beled fatty acids. 

3. Methyl esters of the lymph fatty acids were prepared and frac- 
tionated by amplified distillation. From 86 to 101 per cent of the C*- 
fatty acids was identified as 15-carbon fatty acids. 

4. The conclusion is drawn that the transport of long chain fatty acids, 
regardless of whether they contain an even or odd number of carbons, is a 
concern almost exclusively of the lymph, and that the length of long chain 
fatty acids is apparently not modified during their transport from in- 
testinal lumen to lacteal. 
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EXTRAHEPATIC RAT TISSUES* 


By R. P. GEYER, WILLIAM R. WADDELL,{ JOYCE PENDERGAST, anp 
GEORGE 8. YEE 
(From the Department of Nutrition, Harvard School of Public Health, and the 


Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, December 26, 1950) 


The utilization of fatty acids in vitro by tissue slices and tissue prepara- 
tion has been amply demonstrated (1-3). Although such studies have 
shown that many non-hepatic tissues have a high rate of lipide metabo- 
lism, the liver is still generally considered to be responsible for most lipide 
metabolism in vivo. Recent support for this view has been reported by 
Goldman et al. (4) as a result of-studies with normal and hepatectomized 
dogs. The latter animals were found to convert intravenously adminis- 
tered emulsified tripalmitin (—C“OO—) to C“O. at a very slow rate 
compared to that obtained in the normal dog. It was pointed out that, 
although the results showed that non-hepatic lipide oxidation could occur 
in vivo, it was possible that in the normal dog all of the administered 
lipide was oxidized by the liver. Dye and Marsters (5) reported that, 
following evisceration, rats utilized short chain acids approximately 20 to 
60 per cent of normal. 

The present paper deals with experiments in which the oxidation of 
radioactive pentanoic, octanoic, and palmitic acids and tripalmitin was 
studied in normal, partially hepatectomized, and eviscerated rats. 


EXPERIMENTAL 


All of the lipides used contained C" in the carboxyl moiety. The prep- 
aration of the pentanoic and octanoic acids has been described (6). Pal- 
mitie acid was prepared in a similar manner from pentadecyl magnesium 
bromide and C'“O., and was obtained in a yield of 86 per cent based on 
activity.! It had an activity of 28,300 ¢.p.m. per mg. of acid and an un- 
corrected melting point of 61°. Some of this acid was diluted with inert 
palmitic acid and the mixture was used in the preparation of the tripal- 


* Supported in part by grants-in-aid from the Nutrition Foundation, Inc., New 
York, The Upjohn Company, Kalamazoo, and the National Cancer Institute, 
United States Public Health Service, Bethesda, Maryland. 

+ Trainee, National Cancer Institute. 

| All substrates were assayed for radioactivity by combustion to carbon dioxide 
(7) and counting as BaCOs (8). 
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mitin by the method described by Dauben (8). It was obtained in a 
yield of 66 per cent based on activity. The product melted at 60.6-61.5° 
(uncorrected) and had an activity of 4190 ¢.p.m. per mg. of triglyceride. 

The pentanoic and octanoic acids were used as their sodium salts. The 
palmitic acid and tripalmitin were dissolved in olive oil and emulsified by 
means of high speed stirring, a stainless steel stirrer and a small Pyrex 
test-tube being employed. The emulsions contained 6 gm. of olive oil- 
lipide mixture, 1 gm. each of monostearin? and soy bean phosphatide prep- 
aration (3), and 4.8 gm. of dextrose per 100 ml. of emulsion. Quantities 
of emulsion ranging from 5 to 7 ml. were prepared immediately before use 
and were injected when they reached body temperature. The diameter | 
of the largest visible fat particles was about 1 » as judged by phase mi- | 
croscopy, while the larger percentage of particles was out of the range of  } 
the resolving power of the light microscope. 

Male rats of the Charles River-Wistar strain were used in all experi- 
ments and were maintained on commercial stock food until used. The 
partially hepatectomized animals were prepared according to the method 
of Higgins and Anderson (9). The eviscerated rats were prepared by the 
two-stage method described by Engle (10), and they were given 2 ml. of 
10 per cent dextrose solution subcutaneously at 3 hour intervals. Light 
ether anesthesia was used when intravenous injections were made. The 
animals were placed in a respirometer chamber and serial samples of ex- 
pired carbon dioxide were collected and assayed for total carbon dioxide 
content and radioactivity (3). 

The oxidation of the pentanoic and octanoic acids was studied in normal, | 
partially hepatectomized, and eviscerated rats. Each acid was given in 
a dose of 0.24 mm per 100 gm. of body weight and was administered intra- 
venously, subcutaneously, or intraperitoneally. The results of these ex- 
periments and pertinent experimental data are given in Table I. 

The oxidation of the palmitic acid and tripalmitin was studied in normal 
and eviscerated rats following their intravenous administration through 
the tail vein. Each batch of emulsion was used simultaneously in one 
normal and one eviscerated animal in order to rule out possible effects 
which might result from differences in the size distribution of the fat par- 
ticles of different emulsion preparations. Four eviscerated and twenty- 
three normal animals have been tested with the tripalmitin emulsions, and 
seven eviscerated and sixteen normal animals have been tested with the 
palmitic acid emulsions. Typical results and pertinent data concerning 
the tripalmitin experiments are given in Fig. 1. Fig. 2 pertains to typi- 
cal experiments with palmitic acid. 


2 “Myverol”’ 18-05, supplied by Distillation Products, Inc., Rochester, New York. 
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OXIDATION OF LIPIDES IN VIVO 


DISCUSSION 


In agreement with previous results in vitro (1, 3, 11), non-hepatic rat 
tissues are capable of a high rate of fatty acid oxidation in vivo. As shown 
by the data in Table I, the partially hepatectomized and eviscerated rats 
converted pentanoic and octanoic acids to carbon dioxide at an absolute 
rate somewhat below normal, while on a specific activity basis the rate 
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Fig. 1. The oxidation of tripalmitin by normal and eviscerated rats. The solid 
and dash lines refer to the total per cent and the specific activity, respectively. 
The X and @ represent a 221 gm. normal rat and 273 gm. eviscerated rat, respec- 
tively. Each animal received 15.5 mg. of tripalmitin and 31.2 mg. of olive oil per 
100 gm. of body weight. The specific activity is expressed as per cent of C' expired 
per mm of carbon dioxide. The total per cent refers to the C accounted 
for as COs. 


was normal or above. It may reasonably be assumed that, if the carbon 
dioxide production of the animals operated upon had been normal, the 
absolute rate of oxidation of these substrates would have been normal or 
above. The mode of administration of the substrates had little effect 
on the results of these experiments, except when the octanoic acid was 
given subcutaneously. Rats 11 and 12 oxidized this acid at a much slower 
rate than their control animals or the animals given pentanoie acid sub- 
cutaneously. 

Similar results were obtained when the emulsified palmitic acid was used. 
The absolute rate of utilization of this acid was lower than normal in the 
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eviscerated animals, but the rate was normal or above on a specific activ- 
ity basis. Thus, it can be seen from Table I and Fig. 2 that “free” fatty 
acids, regardless of the length of the carbon chain, are rapidly oxidized by 
non-hepatic tissues of the rat. Bloom et al. (12) found that the absorption 
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Fig. 2. The oxidation of palmitic acid by normal and eviscerated rats. Each 
normal and the correspondingly numbered eviscerated animal received emulsion 
from the same batch. Rats 1N and 1E weighed 312 gm. and 295 gm., respectively, 
and received 1.61 mg. of palmitic acid and 24.2 mg. of olive oil per 100 gm., body 
weight. Rats 2N and 2E weighed 204 gm. and 202 gm., respectively, and received 
2.70 mg. of palmitic acid and 45.1 mg. of olive oil per 100 gm. of body weight. Rats 
3N and 3E weighed 195 gm. and 184 gm., respectively, and received 10.1 mg. of pal- 
mitic acid and 35.2 mg. of olive oil per 100 gm. of body weight. The total per cent 
refers to the C™ accounted for as CO. The specific activity is expressed as per 
cent of C!4 expired per mm of carbon dioxide. 
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of both palmitic acid and tripalmitin from the intestine was similar, as 
based on analyses of thoracic duct lymph. If fatty acids are normally 
available to extrahepatic tissues in an uncombined form, they must con- 
stitute an important source of energy for such tissues. 

An important difference between the short chain acids and palmitic acid 
was the total per cent of C'* accounted for in the carbon dioxide in the two 
cases. As seen in Table I, between 70 and 80 per cent of the radiocarbon 
in the short chain acid was accounted for in the carbon dioxide in 255 min- 
utes. In experiments which were conducted for longer periods of time, 
more than 95 per cent of the C' was accounted for as CO, in 450 minutes. 
These data show that the short chain acids were good oxidative substrates, 
but poor synthetic ones. On the other hand, palmitic acid was both a 
good oxidative and a good synthetic substrate, as shown by the data in 
Fig. 2. Approximately 50 to 60 per cent of the radiocarbon was found in 
the carbon dioxide in 20 hours, most of which appeared in the first 4 hours. 
Subsequent tissue analyses have disclosed that in both normal and evis- 
cerated animals the remaining acid has been incorporated into triglycer- 
ides and phospholipides. These analytical data will be presented later. 

As shown in Fig. 1, the oxidation of the intravenously administered tri- 
palmitin was much more rapid in the control animal than in the eviscera- 
ted rat. Comparison of the specific activity data indicates that part of 
this difference between the two types of animals lay (1) in the lower carbon 
dioxide output of the animals operated upon and (2) in the displacement 
of the peak of the specific activity curve in the case of these animals. This 
displacement was probably due to the retarded removal of the emulsified 
lipide from the blood of the eviscerated rats.? The results presented in 
this paper show a greater relative utilization of the tripalmitin by non- 
hepatic tissues than was reported by Goldman e¢ al. (4); however, both 
sets of results emphasize the important réle of the liver in the utilization of 
triglyceride by the rat. 


SUMMARY 


1. Radioactive pentanoic and octanoic acids were injected intravenously, 
intraperitoneally, or subcutaneously into normal, partially hepatectomized, 
or eviscerated rats. The absolute rate of conversion of the substrates to 
CO. was somewhat below normal in the case of the animals operated 
upon, whereas the rate based on specific activity data was normal or above. 
70 to 90 per cent of the C“ appeared as C“O, in 4 hours. 

2. Similar results were obtained with palmitic acid (—C“OO—) dis- 
solved in olive oil, which was administered intravenously in a highly emul- 
sified form. 50 to 60 per cent of the C appeared as C“O, in 20 hours. 


3 Waddell, W. R., Geyer, R. P., and Stare, F. J., unpublished data. 
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3. When tripalmitin was substituted for the palmitic acid, the absolute 


rate of conversion was considerably below normal in the eviscerated rats, 
but on a specific activity basis the rate was approximately normal. 


1. The results emphasized the probable importance of lipides as an en- 


ergy source in extrahepatic tissues. 


] 
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PREPARATION AND BIOLOGIC ASSAY OF ESTERS OF 
a-TOCOPHERYLHYDROQUINONE* 


By MILTON FARBER, JULIA B. MACKENZIE, HARRIS ROSENKRANTZ, 
anp ADE T. MILHORAT 


(From the Departments of Psychiatry and Medicine, Cornell University Medical 
College, the Russell Sage Institute of Pathology, and The New 
York Hospital, New York, New York) 


(Received for publication, January 10, 1951) 


Both the oxidation product of a-tocopherol, a-tocopherylquinone, and 
the reduction product of the latter, a-tocopherylhydroquinone (I), have 
been shown to possess vitamin E activity in preventing or curing nutri- 
tional muscular dystrophy in the rabbit (1). While the quinone is far 
more stable than the hydroquinone (I), its antidystrophic activity is of a 
lower order. Since I, however, is extremely susceptible to atmospheric 
oxidation and since both compounds are soluble only in fats or fat sol- 
vents, which for the most part are not suitable for physiological use,! our 
attention was directed to the synthesis of esters of I which might obviate 
these two disadvantages and still retain the biologic activity of the parent 
compound. The present communication is a report on the preparation of 
four esters of a-tocopherylhydroquinone, the tetrasodium diphosphate 
ester (II), the disodium disuccinate (III), the diacetate (IV), and the 
triacetate (V), and the response of the dystrophic rabbit to the intrave- 
nous and oral administration of these substances. 


Preparation of Materials 


Tetrasodium a-Tocopherylhydroquinone Diphosphate (II)—10 gm. of 
a-tocopherylquinone (0.022 mole), prepared by ferric chloride oxidation 
of dl-a-tocopherol? (1) and purified according to the method of Tishler 
and Wendler (2), were converted to the hydroquinone by means of sodium 
hydrosulfite reduction and dissolved in 50 ml. of dry pyridine. The solu- 
tion was cooled in ice and added to an ice-cold solution of 10 gm. of phos- 
phorus oxychloride (0.065 mole) in 50 ml. of dry pyridine. After standing 
4 hours, the reaction mixture was filtered and the residue washed with dry 

*The authors wish to acknowledge their appreciation to The Squibb Institute 
for Medical Research and the Armour Fund for Research in Muscular Disease for 
funds which made the present investigation possible. 

! The water emulsion of I prepared according to Rosenkrantz and Milhorat (5) is 
suitable for parenteral use; however, the stability of the emulsion is limited. 

2 We are indebted to Merck and Company, Inc., Rahway, New Jersey, for the 
generous supply of dl-a-tocopherol used in the preparation of I. 
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ether and discarded. The solvent was removed in vacuo and the pink 
residue extracted with two 100 ml. of portions of ether. The ether solu- 
tion was then extracted with five 50 ml. portions of 5 per cent sodium 
hydroxide solution, and the alkaline extract acidified with 10 per cent 
hydrochloric acid to liberate the diphosphate ester of a-tocopherylhy- 
droquinone, which was extracted with three 100 ml. portions of ether. 
After drying with anhydrous magnesium sulfate, the ether was removed 
and the residue dried in vacuo, leaving the ester as a light brown glassy 
solid. 

The ester was dissolved in a minimal amount of water (with the aid of 
small amounts of 10 per cent sodium hydroxide solution, if necessary) and 
made just alkaline with 10 per cent sodium hydroxide solution. 2 vol- 
umes of ethanol were added and, after the solution had stood 24 hours, the 
supernatant solution was decanted, leaving the crude tetrasodium a-toco- 
pherylhydroquinone diphosphate (II) as a tan viscous oil, which solidified 
when it was triturated with acetone and allowed to stand 24 hours. The 


ch, Nae, 
CH OR, CO 
3 1 l CHC, 5H,, 
CH 
a 
Ro CHr 2 
CH, 


I, Ri = R, = H; II, Ri = PO;Naz, R: = H; II, Ri = COCH.CH:COONa, R: = 
H; IV, R: = Ac, R. = H; V, Ri = Rz = Ac. 
acetone was decanted after centrifugation, and the trituration process was 
repeated with fresh acetone. The nearly white, amorphous sodium salt 
thus obtained (4 to 5 gm., 27 to 32 per cent based on the starting quinone) 
was finally centrifuged and dried zn vacuo. 

Purification was effected by dissolving the salt in 60 ml. of warm meth- 
anol, centrifuging, and decanting the methanol solution from the small 
amount of insoluble material. To reprecipitate the salt, 120 ml. of ace- 
tone were added and the mixture warmed to 50°. After centrifuging, the 
supernatant solution was decanted, and the precipitate washed with ace- 
tone and dried in vacuo. The sodium salt is highly hygroscopic, soluble 
in water and methanol, and insoluble in other solvents. 

For analysis, the salt was reprecipitated as above until a constant pH 
value was attained. The pH of a solution containing 0.8 mg. per ml. was 
8.0 (Coleman pH meter). 


Analysis’—CosH»OoP2N a4 
Calculated. C 50.00, H 7.23, P 8.89 
Found. “ 49.98, 49.86, H 6.84, 6.79, P 8.98, 8.84 


3 Microanalyses by Dr. Carl Tiedcke, Teaneck, New Jersey. 











nd 
ol- 
he 


ed 
‘he 


vas 
salt 
ne) 


zall 
\ce- 
the 
uce- 


ible 


was 





FARBER, MACKENZIE, ROSENKRANTZ, AND MILHORAT 447 


Disodium a-Tocopherylhydroquinone Disuccinate (III)—A mixture of 
25 gm. of succinic anhydride (recrystallized from benzene), a-tocopheryl- 
hydroquinone (from the reduction of 10 gm. of purified quinone), and 50 
ml. of dry pyridine was heated under nitrogen at 65-70° for 4 hours. The 
reaction mixture was cooled, centrifuged, the supernatant solution de- 
canted, and the residue washed with two 25 ml. portions of ether. The 
combined supernatant solutions were evaporated in vacuo, and the residue 
shaken for 10 minutes with 200 ml. of 1 per cent hydrochloric acid. After 
filtration and washing with 1 per cent hydrochloric acid, the residue was 
suspended in 150 ml. of water and 10 per cent sodium hydroxide solution 
was added in small amounts with vigorous shaking until solution was com- 
plete. The alkaline solution was then extracted with three 100 ml. por- 
tions of ether, small amounts of ethanol being added after shaking to 
facilitate separation of the resultant emulsion into two layers. After the 
aqueous layer was acidified and boiled to remove ether, the crude disuc- 
cinate ester was isolated as a gummy yellow solid, which was dissolved in 
ethanol, cooled to 0°, and made just alkaline (pH 8, hydrion paper) with 
ethanolic 1 N sodium hydroxide solution. After removal of the solvent 
under reduced pressure, treatment of the gummy residue with acetone as 
in the previous preparation yielded 3 to 4 gm. (20 to 26 per cent) of pow- 
dery, nearly white disodium a-tocopherylhydroquinone disuccinate (IIT), 
similar in properties to the phosphate salt. The pH of a solution contain- 
ing 0.8 mg. per ml. was 7.7. 

For purification, the salt was reconverted to the free acid ester (m.p.4 
144.5-149°) by acidification, and an ethanol solution of the free acid ester 
was made just alkaline to phenolphthalein with 1 N ethanolic sodium 
hydroxide solution. About 5 per cent excess free acid ester was then 
added to insure the absence of excess sodium hydroxide, and the solid 
sodium salt isolated as before. This procedure was repeated to yield the 
analytical sample. 


Analysis—C37HssOsNae 
Calculated. C 64.14, H 8.44, Na 6.64, acidification equivalent’ 346 
Found. “ 63.88, 63.98, H 8.20, 8.31, Na 6.82, 6.68, acidification equivalent 
364, 365 


a-Tocopherylhydroquinone Diacetate (IV)—This material was prepared 
by the method of Tishler and Wendler (2), and after recrystallization 
from water-ethanol had a melting point of 64.5-65.5°, softening at 62°. 

a-T'ocopherylhydroquinone Triacetate (V)—The method of John, Dietzel, 
and Emte (3) was employed, but it was necessary to recrystallize (with 


‘ All melting points are corrected. 
5 By titration with standard hydrochloric acid to a methyl orange end-point. 
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seeding) the material from ethanol six times to obtain crystals with a con- 
stant melting point (73.5-74.5°). ' 


Methods 


The general procedures employed for the assay of vitamin E in the 
rabbit have been fully described in an earlier publication (1). II and III 
were given intravenously at a concentration of 2.5 mg. per ml. in either 
distilled water or isotonic saline. Concentrations higher than the above 
were less well tolerated. IV and V were administered intravenously in 
10 per cent ethanol-propylene glycol and are less soluble than II or III, 
requiring slight warming of the solvent to effect solution. For oral assay, 
the esters were given by stomach tube to rabbits depleted of vitamin E, | 
which had been fasted previously for 5 hours. 


RESULTS AND DISCUSSION 


The response of rabbits suffering with stage II dystrophy, as described 
by Mackenzie and McCollum (4), to the intravenous and oral administra- 
tion of the four esters of a-tocopherylhydroquinone (I) is presented in 
Table I. It is clear that, of the compounds tested, the triacetate (V) 
alone seemed to be ineffective, while the other three, namely the tetra- 
sodium diphosphate (II), the disodium disuccinate (III), and the diacetate 
(IV), possessed a comparable degree of vitamin E activity when assayed 
intravenously. Each of these esters was given in amounts calculated in 
terms of their equivalent to the parent hydroquinone (I), in order to 
facilitate comparison of potency. On this basis it is clear that the esters , 
of I are less potent in vitamin E activity than is free I itself. As was the 
case in the assay of I (1), increasing the level of the tested esters appar- * 
ently did not prolong the duration of response, suggesting early excretion 
or limited storage capacity for these derivatives. A strong local edema 
was observed, and an occasional rabbit would die immediately after the 
intravenous administration of 20 mg. of the tetrasodium diphosphate (II). 
This response suggests a toxic effect, conceivably due to the strong sur- 
face-active properties of the compound. When smaller doses were given | 
intravenously, the rabbits survived without any ill effects. No untoward th 
effects were observed after the injection of the other esters. ar 

With the exception of the disodium disuccinate (III), none of the esters be 
tested was capable of showing antidystrophic activity when given per os 
at high levels* (Table I). Apparently these orally inactive esters are not of 
hydrolyzed to I or its oxidation product, a-tocopherylquinone, in the gas- da 


trointestinal tract, since the latter compounds show vitamin E activity de 
da 

6 A small and questionable activity was shown by the diacetate (IV) in this assay 
(Table I). 
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TaBLe I 
Effect of Intravenous and Oral Administration of Esters of a-Tocopherylhydro- 
quinone on Creatine Excretion of Dystrophic Rabbits 
l 





| 
| Average 


Dose (in Average Average 
No. of terms of ete maximal | duration of 
chi 1 Supplement hydro- dau. aia drop in lowered 
— quinone y é creatine | creatine 
content) supplement excretion excretion 





Intravenous route 



































| mg. | mg. per cent days 
5 Tetrasodium a-tocopherylhydro- | 5¢ | 101 60 3 
2 quinone diphosphate (II) 15 | 128 55 3 
3 20 | 60 53 3 
2 | Disodium a-tocopherylhydroqui- 5 105 31 3 
2 | none disuccinate (III) 20 90 64 4 
3° 40 84 74 4 
2 | a-Tocopherylhydroquinone  di- 20 89 78 4 
acetate (IV) 
4 | a-Tocopherylhydroquinone | tri- 15 76 0 0 
| acetate (V) 
4 | a-Tocopherylhydroquinone (I) | St | 120 71 | (5.5 
Oral route 
2 Tetrasodium a-tocopherylhydro- | 50 104 0 0 
3 quinone diphosphate (II) 100 64 0 0 
2 Disodium a-tocopherylhydroqui- 100 50 14 2 
Zz none disuccinate (III) 200 85 59 5 
2 | a-Tocopherylhydroquinone  di- 100 98 35 2 
| acetate (IV) 

2 a-Tocopherylhydroquinone _ tri- | 100 137 0 0 
2 acetate (V) | 200 96 0 0 
2 a-Tocopherylhydroquinone (I) | | 





Maximal drop in creatine (mg.) 





Creatine (mg.) at time of supplement 


+ The response of two rabbits to the intravenous administration of 5 mg. of II 
was atypical, although quite striking. Both animals were supplemented while 
their creatine output was still nearly normal, namely 15 and 16 mg. daily. Both 
animals, however, were losing weight rapidly, and the amount of food eaten was 
between 5 and 10 gm. daily. Muscular weakness was also evident in both animals. 
These symptoms taken together are those seen in a stage I dystrophy as described 
by Mackenzie and McCollum (4). Following supplementation, the creatine output 
of the first rabbit averaged 33 mg. for 8 days and that of the second, 23 mg. for 10 
days. The gains in body weight were 295 and 313 gin., respectively. By the 4th 
day after supplementation, the food intake of both rabbits averaged over 65 gm. 
daily, and all signs of muscular incoordination were completely gone. 

t Assay data for I taken from an earlier publication (1). 
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when given orally (100 mg.). Probably these three esters either are rap- 
idly excreted or are converted to an inactive form in the gut. 

It seems, therefore, that of the esters examined, the activity, both intra- 
venously and orally, the stability, and the water solubility of III render 
it, in spite of its diminished potency, a possible substitute for the free 
a-tocopherylhydroquinone in further studies. 

The apparent complete lack of activity of the triacetate ester (V) sug- 
gests the possibility that a free tertiary hydroxyl group is required for the 
vitamin E activity of a-tocopherylhydroquinone compounds, and work in 
this direction is in progress. 


SUMMARY 


The tetrasodium diphosphate, disodium disuccinate, diacetate, and tri- 
acetate of a-tocopherylhydroquinone have been prepared. These com- 
pounds are stable and of known purity. The four esters were tested both 
intravenously and orally in dystrophic rabbits to determine their vitamin 
E activity in the alleviation of nutritional muscular dystrophy. While 
the first three compounds showed potency when given intravenously, the 
triacetate administered in a like manner was totally without effect. Only 
the disodium disuccinate ester showed marked activity when given orally 
at a high dosage level. The vitamin E potency of the esters of the hy- 
droquinone in relieving dystrophy is somewhat less than that obtained 
with the hydroquinone itself, as judged by the number ot days of sup- 
pressed creatine excretion and relief of the dystrophic syndrome. The 
stability, purity, and ready solubility of these derivatives of a-tocopheryl- 
hydroquinone make them ideal for parenteral administration. These 
desirable features, coupled with their biologic potency, make these esters 
suited for experimental work. 
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THE PREPARATION OF LYSINE FROM PROTEIN 
HYDROLYSATES* 


By E. V. McCOLLUM ann AGATHA A. RIDER 
(From The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, December 26, 1950) 


We have previously reported that acetone solutions containing certain 
organic acids form systems composed of amino acid-acetone-sulfonic acid 
(or alkyl acid phosphate) (1, 2), and have shown that by means of such 
systems amino acid mixtures may be fractionated in a non-aqueous me- 
dium. We here describe a method for the preparation of lysine monohy- 
drochloride from an acid hydrolysate of casein, based upon the insolubility 
of a lysine-benzenesulfonic acid complex in acetone. 

This method is apparently applicable to protein hydrolysates generally, 
provided they are free from mineral acid and are well dried and ground. 
Our experience has been limited to hydrolysates of whole beef blood, whole 
blood clot, and serum protein, prepared with hydrochloric acid (supplied 
by The Wilson Laboratories, Chicago), and a hydrochloric acid hydroly- 
sate of casein, freed from residual hydrochloric acid by treatment with a 
synthetic resin. This product bears the trade name Hycase.! The unique 
feature of our method is the formation of a precipitate consisting of lysine 
and some histidine and benzenesulfonic acid in a system composed of 
amino acids and benzenesulfonic acid in acetone. If the hydrolysate con- 
tains inorganic impurities, some of these will be present in the precipi- 
tate. 

Procedure 


Many preparations have been made with modifications of the method. 
The following operations have given good yields of analytically pure lysine 
monohydrochloride. 

20 gm. of Hycase are suspended in 450 ml. of a 0.5 N solution of benzene- 
sulfonic acid in acetone. The suspension is dissolved by agitation, the 
temperature being maintained at 8-10°. As solution progresses, a light 
flaky precipitate forms. When solution of hydrolysate is complete, ace- 


*The Robert Gould Research Foundation and the Nutrition Foundation, Inc., 
provided grants-in-aid for the support of this investigation. 

1 We are indebted to the National Dairy Research Laboratories, Oakdale, Long 
Island, New York, for the sample of Hycase employed in this study. The following 
data are supplied by the manufacturer: moisture 2.31, amino N 8.32, ammonia N 
0.08, total N 12.84, ash 1.15, chloride 0.15 per cent. The preparation was freed 
from residual hydrochloric acid by treatment with a synthetic resin. 
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gr 


tone is added to dilute the benzenesulfonic acid to 0.1 N to reduce the } ha 


solubility of the lysine-sulfonate complex. After standing for a few hours 
in the cold, the precipitate is removed by filtration and washed with ace- 
tone. When freed from acetone, this crude precipitate weighs about 4 gm. 
Alternative procedures for treatment of this material have given satisfac- 
tory results. 

1. The precipitate may be suspended in 250 ml. of 0.25 N solution of 
trichloroacetic acid in acetone and allowed to stand with occasional shak- 
ing for 3 or 4 hours, when the suspension is filtered and the insoluble 
material is tested for histidine by Macpherson’s modification of Pauly’s 
reaction. If the test is positive, the material is again suspended in ace- 
tone-trichloroacetic acid (25 to 50 ml.) and the process is repeated. In th 
our experience, histidine is ordinarily removed completely by the first j 
treatment. tic 

2. The precipitate may be dissolved in water and decolorized with car- 
bon black. The principal inorganic contaminant of Hycase is calcium, 1. 
which may be removed by adding alternately, drop by drop, dilute solu- 
tions of NaOH and oxalic acid until addition of a drop of either reagent 
produces no further precipitate. An excess of either oxalate or sodium 
ions would be of small consequence, since the former would be removed 
along with histidine by use of the trichloroacetic acid-acetone solution de- 
scribed above. Any excess of sodium ions would be removed as sodium 
chloride during recrystallization of the lysine monohydrochloride. For ob- 
vious reasons, it is desirable to avoid an excess of sodium ions. Owing to 1 
the reported instability of lysine in alkaline media, we have kept the solu-  } ec 
tion acid. 

The Ca-free solution may be brought to dryness by distillation under ti 
diminished pressure. In our experience with small scale operations, we ec 
have found it satisfactory to evaporate the solution in a pan in a current al 
of air. The dry residue, when the second alternative method is used, is ze 
treated with acetone-trichloroacetic acid as previously described to remove 
the histidine. Removal of colored substances and gums facilitates the Ci 
latter operation. 

The histidine-free crude precipitate is made into a slurry with 1 ml. of te 
concentrated HCl and then suspended in 250 ml. of acetone. The insol- 
uble material consists of lysine monohydrochloride which is purified from 
contaminants, principally NaCl if calcium has been removed, by recrys- 1. 
tallization from alcohol as recommended by Rice (3), or from water as 2. 
described by Dunn and Rockland (4). 

Lysine monohydrochloride prepared by the method described contains 
19.4 per cent Cl and 15.3 per cent N; theory, Cl 19.38 per cent, N 15.34 
per cent. The specific rotation in N HCl at 19° is +21.4°. Chromato- 
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graphic tests on paper indicated complete purity. Yields from Hycase 
have corresponded to 5.9 to 6.7 per cent of lysine. 


DISCUSSION 


Obviously, if ash-free protein is used in the preparation of the hydroly- 
sate, no impurities of an inorganic nature will be present. For economic 
reasons, lysine will ordinarily be prepared from crude protein materials 
which contain inorganic substances, and appropriate steps will be neces- 
sary for their removal from the lysine salt. ‘Temperatures of 10° or lower 
are necessary to secure good yields of the lysine-sulfonate complex. 

The use of 0.5 N sulfonic acid solution for dissolving the hydrolysate and 
subsequent dilution to 0.1 N have the following advantages: Solution of 
the hydrolysate is more rapid at the higher normality, and less sulfonic 
acid is required to dissolve a given weight than with the lower concentra- 
tion. In this special case, 22.5 ml. of a 0.5 N sulfonic acid solution, which 
are equivalent to 1.8 gm. of benzenesulfonic acid, are sufficient to dissolve 
1.0 gm. of Hycase, but 180 ml. of 0.1 N solution, equivalent to 2.8 gm. 
sulfonic acid, are required. 


SUMMARY 


A method is described for the preparation of lysine from acid hydroly- 
sates of proteins, which is based upon precipitation of a complex of lysine 
with benzenesulfonic acid, when a dry hydrolysate, free from mineral acid, 
is dissolved in a 0.5 N solution of this reagent in acetone after standing at 
10° or lower. Higher temperatures reduce the yields. The precipitate is 
contaminated with histidine. This is removed by treatment of the crude 
precipitate with 0.25 N trichloroacetic acid in acetone, which dissolves his- 
tidine but not the lysine compound. The crude precipitate is treated with 
concentrated hydrochloric acid to convert the lysine into the hydrochloride 
and set free the sulfonic acid. The excess of hydrochloric and the ben- 
zenesulfonic acid are removed by-washing with acetone. The crude lysine 
salt is purified by recrystallization from alcohol or water, whereby prin- 
cipally inorganic contaminants are removed. The lysine obtained from 
casein hydrolysate in yields of 85 per cent or higher of the reported con- 
tent is analytically pure and has not undergone racemization. 
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EFFECTS OF FOLIC ACID AND AMINOPTERIN ON RAT 
LIVER METABOLISM* 


By J. N. WILLIAMS, Jr., R. G. CHITRE,t ano C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, January 19, 1951) 


Since Kalekar et al. in 1948 (1-3) observed that folic acid or a degra- 
dation product of the vitamin is a potent inhibitor of milk xanthopterin 
oxidase, various workers have extended these studies from different view- 
points. Lowry et al. (4) have demonstrated that the primary photolytic 
product of folic acid is a powerful inhibitor of cream xanthine oxidase. It 
has been observed from oxidation data (5) that even highly purified folic 
acid inhibits purine metabolism in vitro if the level of inhibitor is increased 
sufficiently. Recently, data have been reported from this laboratory (6) 
which indicated that both folic acid and aminopterin affect certain liver 
enzyme systems very similarly in vitro. It was shown that endogenous 
respiration of rat liver was inhibited strongly by both substances when the 
respiration was measured soon after removal of the liver from the animal. 
Inhibition was negligible when the liver homogenate was incubated for 90 
minutes before addition of folic acid or aminopterin. In the work reported 
in this paper we have investigated the inhibition of liver endogenous res- 
piration by folic acid and aminopterin further in order to elucidate more 
completely the mechanism of the inhibition. 

In earlier work from this laboratory (7) it was observed that folic acid, 
when fed to chicks, inhibited liver p-amino acid oxidase activity. These 
results were confirmed in the rat by Kelley et al. (8). In the present work 
we have studied the effect of folic acid upon liver p-amino acid oxidase 
when the vitamin is added in excess to the enzyme system to observe 
whether the enzyme is inhibited in vitro as it is in vivo. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
dation. 

We wish to thank the Lederle Laboratories Division, American Cyanamid Com- 
pany, Pearl River, New York, for the supplies of folic acid and aminopterin used in 
this investigation. 

+ UNICEF Fellow in nutrition, under the auspices of the United Nations World 


Health Organization. Present address, Seth. G. S. Medical College, Bombay, In- 
dia. 
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EXPERIMENTAL AND RESULTS at 


Livers from adult male rats of the Holtzman strain fed a good stock } in 
ration were used as the enzyme source in all of the experimental work. 3. 
The 16.7 per cent liver homogenates were prepared in 0.039 m sodium po- 
tassium phosphate buffer as previously described (6). 

In the endogenous respiration studies 2 ml. of the homogenates were 
pipetted into prepared Warburg flasks chilled in cracked ice. The side 





arms of the flasks contained the following levels of 3 & 10-‘ Mm folie acid ’ 
or aminopterin in duplicate: 0, 0.1, 0.2, and 0.3 ml. Water was added to § 
the side arms to bring the final side arm volumes to 0.5 ml. In addition, i 


0.2 ml. of 10 per cent potassium hydroxide was added to the center wells. 
The flasks were equilibrated for 10 minutes, the side arm content added, /? 
and the stop-cocks closed. Oxygen uptake readings were taken at inter- 
vals for 280 minutes. 

Typical results of this series of experiments are presented in Figs. 1 and | 
2. Here the oxygen uptake in the control flasks (containing no inhibitor) i 
was subtracted from the oxygen uptake in the flasks containing different 
levels of inhibitors. The resulting values were then plotted against time. 
Fig. 1 represents an experiment with folic acid as inhibitor and Fig. 2 re 
with aminopterin as inhibitor. It can be observed that both folic acid and th 
aminopterin inhibit liver endogenous respiration markedly for a time. In 
sarlier reports (5, 6) this effect was the only one reported. The rate of 
oxidation in the flasks containing inhibitor then increases and surpasses 
the rate of oxidation in the control flasks. From Fig. 2 one can calculate 
from the difference between the lowest point on the curves and the value 
at which the curves level off that a stoichiometric relationship probably 
exists between the amount of oxidation after the cessation of inhibition 7 
and the level of inhibitor added. This probably holds true also for acid, 
although in the experiment shown direct calculations cannot be made since 
the two curves were not allowed to level off. In no case, however, were 
we able to achieve enough oxidation after the inhibition had been over- 
come to return the curves past the zero line. 

If oxidation of the inhibitors occurred, this might explain the sudden ? 
increased oxidation after the initial inhibition was overcome. However, 
when the level of inhibitor was increased, the initial degree of inhibition 





was also increased, so that, although the “apparent oxidation” of inhibitor 7 , 
was ultimately augmented, the total oxidation never exceeded the total | 
oxygen uptake of the control flasks. A more probable explanation for i 
these results is that the photolytic products of folic acid and aminopterin } g 
(6) inhibited the endogenous oxidation of liver purines by making xanthine 

oxidase unavailable for purine oxidation (4). After the inhibitor has been | ( 
removed by oxidation of the formyl pteridine to the carboxylic acid deriv- Ff I 
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ative, the accumulated purines then would be oxidized, with the resulting 
ace increase in rate of oxygen uptake over the controls, as shown in Figs. 1 to 
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ine In the next experiments the effects of folic acid on rat liver D-amino acid 
en | oxidase were studied. Since it has been shown that dietary folic acid in- 
iv- hibits liver D-amino acid oxidase activity, we wished to observe whether 
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folic acid affected activity of the enzyme when added to the enzyme in 
vitro. The method employed for measuring p-amino acid oxidase of rat 
liver was essentially that of Axelrod, Sober, and Elvehjem (9). The rat 
liver homogenates were prepared as described above. 1 ml. of homogenate 
was added to prepared flasks containing 1 ml. of Krebs-Ringer phosphate 
buffer (without calcium) (10), 0.5 ml. of 0.3 m pt-alanine or 0.5 ml. of 
water, and the appropriate level of folic acid contained in the side arm. 
In addition 0.2 ml. of 10 per cent potassium hydroxide was added to the 
center wells, To the side arms of every two flasks (with and without 
alanine) were added the following levels of folic acid: 0, 0.4 ml. of 2 * 10-5 
M, 0.1 ml. of 2 X 10-* M, 0.3 ml. of 2 X 10-‘ M, 0.5 ml. of 2 & 10-* M, 0.5 
ml. of 3 X 10~ m, and 0.1 ml. of 2 X 10> mM. Water was added to bring 
the side arm volumes to 0.5 ml. The flasks were equilibrated at 30° for 
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10 minutes and the side arm contents added. The stop-cocks were closed 
and readings were taken at 10 or 20 minute intervals for 2 hours. pb-Amino 
acid oxidase activity was then calculated according to the method of Axel- 
rod, Sober, and Elvehjem (9). 

In Fig. 3 are presented the results of these experiments. Fig. 3 repre- 
sents the average data from six animals. The data are plotted as the 
effect of folic acid added in vitro upon rat liver D-amino acid oxidase activ- 
ity versus the level of folic acid added. The effect of the folic acid is 
calculated as per cent (+) of the p-amino acid oxidase activity in the ab- 
sence of added folic acid. From the results in Fig. 3, folic acid added in 
vitro has no effect upon rat liver p-amino acid oxidase activity within exper- 
imental error. These results are quite similar to those reported for the 
effect of folic acid on choline oxidase activity (6, 11). When the vitamin 
is fed to animals, it appears to inhibit liver choline oxidase activity; how- 
ever, when it is added in vitro to a liver system metabolizing choline, no 
effect is obtained. On the other hand, the vitamin inhibits liver xanthine 
oxidase activity strongly both in vivo and in vitro (5, 7). Hence, as ob- 
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served in an earlier paper (6), folic acid appears to exert a direct influence 
both zn vivo and in vitro upon certain enzyme systems, e.g. xanthine oxi- 
dase, while with the other enzyme systems studied, choline oxidase and 
p-amino acid oxidase, its effect in vivo appears to be indirect. 

With respect to the inhibition of endogenous respiration by the photo- 
lytic products of folic acid and aminopterin it can be concluded that, 
although both substances inhibit endogenous respiration very similarly, 
most of the effects of folic acid in vivo are certainly believed to be different 
from those of aminopterin. It is possible that the direct effect in vitro 
of both substances in inhibiting purine catabolism may occur in vivo, while 
other entirely different functions of folic acid may be the ones deleteriously 
inhibited by aminopterin. 


SUMMARY 


1. Both folic acid and aminopterin added in vitro appear to influence rat 
liver endogenous respiration in a similar manner. Initially inhibition of 
respiration occurs, followed by a stimulation of oxidation over that of the 
controls containing no added inhibitor. 

2. Folic acid has no effect upon D-amino acid oxidase activity of rat 
liver when added in vitro, whereas earlier reports indicate that dietary 
folic acid inhibits liver p-amino acid oxidase activity. 

3. Possible explanations for the results obtained have been discussed. 
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EFFECT OF PHENYLALANINE ON THE TOXICITY OF 
4-FLUOROPHENYLALANINE FOR THE RAT* 
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(Received for publication, November 3, 1950) 


\ The acute toxicity of 3-fluorotyrosine and of 3-fluorophenylalanine for 
animals was reported several years ago (2) and recently it was found that 2- 
and 4-fluorophenylalanines likewise are toxic when administered to albino 
rats (3). 3-Fluorotyrosine and 3-fluorophenylalanine are very efficient in 
acting as antimetabolites for tyrosine and phenylalanine, respectively (4), 
while 4-fluorophenylalanine inhibits the growth of microorganisms (5). In 

} spite of the fact that tyrosine and phenylalanine were able to overcome in 

' a competitive manner the inhibition of growth of microorganisms caused by 
3-fluorotyrosine and 3-fluorophenylalanine, it did not seem reasonable to 
expect that the great toxicity! of these derivatives to animals receiving an 
adequate diet could be due to their action as antimetabolites for their par- 
ent amino acids. 

The purpose of the present investigation was to examine the effect of 
phenylalanine in counteracting the toxicity of 4-fluorophenylalanine for 
the rat. This study was of considerable interest because only a few of the 
many known competitive antagonists for amino acids, ethionine (6-9), 
methoxinine (10), and @-2- and 8-3-thienylalanines (11-13), have been 
studied to determine whether their toxic effects to animals can be removed 
by the presence of an excess of the parent amino acids. In the case of the 
thienylalanines the workers concluded that the toxicities could be removed 
completely by the addition of an excess of the normal metabolite to the 
diet. With ethionine and methoxiriine, however, there is strong evidence 
to indicate that factors other than a simple competitive antagonistic action 
towards methionine are responsible for their toxicity to animals. 


EXPERIMENTAL 


The diets and the experimental conditions used in these experiments are 
the same as those reported previously (3). Since it was shown that the 


* This research was supported by a grant from the United States Public Health 
Service. A preliminary report was presented at the meeting of the American So- 
ciety of Biological Chemists at Atlantic City, April 17-21, 1950 (1). 

 3-Fluorotyrosine, LDs) = 12.5 mg. per kilo of body weight, and 3-fluoropheny]- 
clanine, LDsp = 20.0 mg. per kilo of body weight for rats (2). 
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presence or absence of tyrosine had no noticeable effect on the toxicity of | 
4-fluorophenylalanine, 1.0 per cent of L-tyrosine was added to the basal 
diet; it was felt that this might exert a phenylalanine-sparing action and 
remove complications which would be encountered if varying amounts of 
phenylalanine were converted to tyrosine during the experiments. 

A preliminary experiment was conducted in which varying ratios of 4- = 
fluorophenylalanine to phenylalanine were used in the diet. The results 
showed that the toxicity of 4-fluorophenylalanine could be diminished by 
the addition of phenylalanine. The use of 10 times as much phenylalanine 
as of the fluorine-containing compound, however, did not result in a good 
rate of growth for the animals. 

Since previous workers have concluded that the ‘‘antiphenylalanine”’ ef- 
fect of 8-2-thienylalanine (12) and B-3-thienylalanine (13) could be removed 
by the addition of excess phenylalanine to the diet, it seemed necessary to 
extend the results of our preliminary study. A series of experiments was 2 
performed in which different levels of 4-fluorophenylalanine were included 
in the diet and in which the effects of varying levels of phenylalanine on 


= 


ns 


growth were examined for each level of the fluorine compound. The re- q 
sults, shown in Table I, establish the fact that excess phenylalanine does 
lessen inhibition of growth caused by 4-fluorophenylalanine, but that good : 


growth cannot be obtained when the diets contain as little as 0.11 per cent 


4-fluorophenylalanine (equivalent to 0.10 per cent phenylalanine). This : 
is true despite the better growth that sometimes results when the diets 
contain little 4-fluorophenylalanine and large amounts of phenylalanine) 2 


than when they contain no fluoro derivative but a suboptimal quantity of | 
phenylalanine. 2 

The toxicity for the rat of 4-fluorophenylalanine and 8-2-thienylalanine | 
thus differs in that the former exhibits its toxicity at much lower levels 
(8-2-thienylalanine was used at a level of 2 per cent in the diet (12)) and 2 
that the toxicity of the latter was removed by the addition of an equimolar 


amount of phenylalanine. §-3-Thienylalanine exhibits a toxicity compara- 3 

ble to that of 4-fluorophenylalanine, but the toxicity of the thienyl deriva- 

tive can be overcome by the addition of excess phenylalanine (13). 2 
A large number of fluorine-substituted compounds, among them 3-fluoro- | 

tyrosine (2), do not yield any inorganic fluoride when administered to ani- 2 

mals. However, it has been shown that an aromatic fluorine-containing P 


compound, 1-fluoronaphthalene (14), forms fluoride when it is fed to rats, 

since it gave rise to the characteristic bleaching of the lower incisors of rats 

which is caused by inorganic fluoride. 25 
An examination of rats fed 4-fluorophenylalanine in their diet showed | 

that bleaching of the lower incisors occurred similar to that observed when | 
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y of | TaB.eE I 
asal f Effect of Phenylalanine in Reversing Toxicity of 4-Fluorophenylalanine 
and f T = i-tyrosine, PA = pu-phenylalanine, FPA = 4-fluorophenyl-pi-alanine. 
| ; | 
8 of } Rat No. | hen 5-04 Days daly food ae Supplement to basal diet 
of 4- ~ gm. gm. gm. per cent 
sults 17 6 | o5 |] 2.2 | —-1.80| 1.0 
1 by 6-26 4.3 | +1.52| 1.0“ +0.5 PA 
nine 294 9 66 0- 5 1.4 —1.60 1.0 * 
good | 6-26 5.4 | +2.20] 1.0“ +1.0 PA 
213 3 62 0- 5 2.2 | —1.40| 1.0 “ 
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ef- 225 9 66 0- 5 181-16) 16° 
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: was 215 3 62 0-5 1.8 | —1.20] 1.0 “ 
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1¢ on 6-26 3.8 | +1.24] 1.0 “ + 0.11 FPA + 0.8 PA 
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showed | 6-25 2.9 | —0.25| 1.0 “ 
d when * Animal died. 
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equivalent amounts of sodium fluoride were fed. Further proof of the 
production of fluoride from 4-fluorophenylalanine was provided by the 
identification of inorganic fluoride in the urine of rats receiving the com- 
pound. (The zirconium azoarsenate qualitative test for fluoride (15) was 
used.) It was observed that small amounts of fluoride appeared in the 
urine the day after the animals were given diets containing 0.3 and 0.6 per 
cent 4-fluorophenylalanine, that larger amounts appeared the 2nd day, and 
that fluoride excretion appeared to remain roughly constant as the diets 
were continued. Attempts to dévelop a satisfactory quantitative method 
for determining fluoride in the urine of animals receiving organic fluorine 
compounds have not yet been successful because of the presence in urine of 
substances which interfere in the determination. Nevertheless, the char- 
acteristic bleaching of the teeth and the positive qualitative fluoride test 
obtained with urine may be taken as good evidence for the production of 
fluoride from 4-fluorophenylalanine. 


DISCUSSION 


It has become apparent in recent years that antimetabolites of amino 
acids may exert quite different effects when measured by the growth of 
microorganisms, as compared with the results obtained with mammals. 
Thus, methoxinine is an effective competitive antagonist for methionine, 
as measured by the growth of Escherichia coli (16), but its toxicity towards 
rats could not be reversed by methionine (10). The authors suggested 
that its toxicity is due to some mechanism other than its action as a specific 
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metabolite antagonist for methionine. A similar suggestion has been of- | 


fered to explain the toxicity of ethionine for rats (9). 


The fluorophenylalanines now appear to represent another group of com- | 


pounds for which ability to inhibit the growth of microorganisms and 


toxicity to animals may arise through different mechanisms of action. Al- | 
though a study of the effect of phenylalanine in reversing the observed | 
inhibition of growth of microorganisms by 4-fluorophenylalanine (5) has | 


not been reported, it is known that 3-fluorophenylalanine and 3-fluorotyro- 
sine are extremely effective competitive antagonists for their parent amino 
acids (4). Because of the known antimetabolite activity of fluorine deriv- 
atives of other aromatic metabolites (17) and the demonstrated fact that 
4-fluorophenylalanine is able to replace phenylalanine as a substrate for 
certain enzyme systems? (18-19), it seems reasonable to assume that 4- 


2Dr. E. L. Smith of this laboratory finds that carbobenzoxyglycyl-4-fluoro- 
phenylalanine is cleaved by carboxypeptidase at only a slightly slower rate than the 


phenylalanine derivative. Dr. K. Dittmer reports in a personal communication | 


that 4-fluorophenylalanine is acted upon by p-amino acid oxidase at approximately 
the same rate as is phenylalanine. 
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fluorophenylalanine can act as a competitive antagonist for phenylalanine 
in microorganisms.® 

The difference in the behavior of 4-fluorophenylalanine in microorgan- 
isms and in mammals may then be explained by assuming that it acts in a 
competitive fashion in inhibiting the incorporation of phenylalanine into 
protein, thus preventing the growth of both microorganisms and animals, 
and that it is also metabolized by other enzyme systems to form inorganic 
fluoride. The addition of excess phenylalanine to a culture of microorgan- 
isms containing 4-fluorophenylalanine should overcome the inhibition of 
protein synthesis and, in addition, would function as a diluent and slow 
down the rate of fluoride production from the fluorine-containing deriva- 
tive. Under the conditions usually employed for measuring growth in 
such systems only a small amount of fluoride could be produced and it 
would diffuse from the cells into the medium; at the end of a short term 
experiment it would be present in only a minute concentration. The over- 
all effect would be that the small amount of fluoride produced would not 
have a noticeable effect on the growth of the organisms. 

When 4-fluorophenylalanine is administered to an animal, however, the 
addition of phenylalanine would likewise overcome the inhibition of pro- 
tein synthesis but would act only as a diluting agent in reducing the amount 
of fluoride formed from the antimetabolite. Hence, even at low concen- 
trations of 4-fluorophenylalanine in the diet, some fluoride always would 
be produced and would exert its characteristic toxic effect. 

SUMMARY 


It has been found that the inhibition of the growth of rats produced by 
the addition of 4-fluorophenyl-pL-alanine to their diets can be alleviated, 
but not completely overcome, by the addition of relatively larger amounts 
of phenylalanine to the same diets. One factor responsible for the lack of 
complete reversibility of the toxic action of 4-fluorophenylalanine for ani- 
mals has been found to be the production of inorganic fluoride from the 
organic fluorine-containing compound. 

Suggestions have been offered to explain the different behavior observed 
in microorganisms and in mammals with certain amino acid antimetabo- 
lites. 
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’Dr. S. Spiegelman and H. O. Halvorson have found that 4-fluorophenylalanine 
acts as a competitive antagonist of phenylalanine for Saccharomyces cerevisiae; 0.02 
M 4-fluorophenylalanine causes a 98 per cent inhibition of the growth rate of the 


yeast and the addition of 0.02 m pu-phenylalanine completely removes the inhi- 
bition. 
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THE QUESTION OF THE BRANCHING ENZYME 
IN POTATOES 


By CHARLES 0. BECKMANN anp MURIEL ROGER 
(From the Department of Chemistry, Columbia University, New York, New York) 
(Received for publication, August 29, 1950) 


The appearance of a series of publications (1-8) under the general title 
of “The enzymic synthesis and degradation of starch” from the labora- 
tories of the University College of North Wales, Bangor, and the Univer- 
sity, Birmingham, makes it desirable that we report our findings with 
“Q enzyme” preparations without further delay. To this preparation, 
first reported by Haworth, Peat, and Bourne (2), was attributed the prop- 
erty of enzymatically converting the linear amylose molecule to a branched 
molecule like amylopectin. It has been found by us, however, that the 
preparations contain fatty acids, probably combined with proteins, that 
these fatty acids form a complex with amylose, and that the resulting 
complex has many of the properties of amylopectin, in particular, those 
properties which have been used as evidence by the authors of the series 
mentioned above for the production of amylopectin from amylose. 

The fact that potato phosphorylase catalyzes the synthesis of amylose 
in vitro, while naturally occurring potato starch consists of only 25 per 
cent of linear amylose and 75 per cent of branched amylopectin, makes it 
extremely likely that a branching factor or enzyme exists in the potato. 
However, it is not unreasonable to contend that the existence of 
the branching factor in the fraction of potato juice designated Q enzyme 
has not been established, inasmuch as the present work shows that any 
enzymatic activity is almost completely masked by the action of the pro- 
tein-fatty acid complex in this fraction. 


EXPERIMENTAL AND DISCUSSION 


Determination of Q Activity—The activity of a Q preparation was meas- 
ured by the loss in the blue value (9) of an amylose solution in a given 
time (5 or 30 minutes). The measurements were made with a photoelec- 
tric photometer equipped with a broad band filter with a peak at 660 mu. 
The blue value (BV) is defined by the equation, 
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where 7’ is the transmission of a 0.002 per cent iodine in 0.02 per cent 
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potassium iodide solution containing 0.01 mg. of starch sample per ml., 
T, is the transmission of the same iodine-potassium iodide solution con- 
taining 0.01 mg. of “pure” amylose per ml., and 7’ is the transmission of 
the iodine solution alone (which at this wave-length is the same as that 
of water). : 

The linearity of the relationship between the blue value and the optical 
density was proved for a series of amylose-amylopectin mixtures of con- 
stant total amount of starch and varying composition, as well as for a 
series of amylose solutions of varying concentration. However, it must 
be pointed out that this scale of blue values is arbitrary, since it depends 
on the properties of the ‘‘pure” amylose chosen as standard. In the pres- 
ent work the amylose used as standard was prepared from potato starch 
by the Schoch procedure (10) with Pentasol (commercial mixed amy] alco- 
hols) as precipitant. It was twice redissolved and reprecipitated and when 
put into iodine-potassium iodide solution at the concentrations used for 
blue value determinations had an optical density of 0.3929 (= 1/2.545). 
The scale cannot be used as a measure of amylose concentration, how- 
ever, unless two conditions are satisfied, namely, (1) that the amylose has 


about the same molecular weight as that of the standard used, and (2) | 


that no interfering substances are present. It is known that the iodine- 
adsorptive capacity and hence the blue value depend on the size of the 
amylose molecule. In fact, amylose of molecular weight 5000 or less is 
indistinguishable from amylopectin by these criteria (11). Interfering 
substances, such as fatty acids, may also reduce the iodine-adsorptive 
capacity (12, 13) and the blue value of amylose. It is evident, therefore, 
that any work done with an enzyme which converts amylose to amylo- 
pectin can make use of these iodine methods as evidence for such conver- 
sion only after it has been shown that interfering substances (e.g. fatty 
acids) are absent. 

In the present work the loss in blue value of amylose due to the action 


of Q preparations, fatty acids, and protein-fatty acid complexes was de- | 


termined by the following procedures. 
A standard amylose solution (2 mg. per ml.) was prepared by dissolving 
200 mg. of potato amylose in 5 ml. of normal potassium hydroxide, neu- 


tralizing with dilute hydrochloric acid, adding 40 ml. of molar citrate buffer | 


(pH 6.0), and diluting to 100 ml. with water. 


The Q fraction was prepared from potato juice with ammonium sulfate | 
(16 per cent) as precipitant, according to the method of Bourne and | 


Peat (1). 
Two methods were used for determining the blue value as a function of 


time. For small time intervals (10 seconds to 5 minutes) it was found 
convenient to prepare a digest containing 5 ml. of the standard amylose | 
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solution, 2 ml. of water, and 1 ml. of Q preparation in a 10 ml. beaker 
placed in a 10 cm. glass funnel, whose stem was inserted in a 1 liter volu- 
metric flask. At the end of the desired time interval the reaction was 
stopped by washing the digest rapidly into the flask with approximately 
800 ml. of a solution containing the amount of iodine-potassium iodide 
(10 ml. of 0.2 per cent iodine in 2 per cent potassium iodide) necessary 
for a blue value determination. The beaker and funnel were then rinsed 
and the solution brought to the mark with water. 

For longer time intervals, a larger digest containing the same propor- 
tions was prepared, and 4 ml. aliquots were removed at the desired time 
and diluted in 500 ml. flasks with iodine-potassium iodide solution. 

Inactivation of Q Preparation by Alcohol and Heat—The inactivation of 
a Q preparation by ethanol or heat, as carried out by Bourne et al. (1-3) 
speaks for the enzymatic character of their potato fraction. It has been 


Taste I 
Ethanol and Heat “Inactivation” of Q Preparation 








Sample ane valoe in’ sake 
Original, untreated Q preparation........................0000% 25.0 
Bthanol trestmont) (Eps e668. os eens ies cere dee eae 2.0 
« ° REDON MSCRING 215: o5.n fae a sean het meee 39.0 
Heat treatment. Uncentrifuged, turbid preparation.......... 24.4 
. * Supernatant of centrifuged preparation..... 1.8 
nS si Ppt. of centrifuged preparation............. 45.3 








found, however, that the “ost”? activity resides in each case in that por- 
tion of the preparation which is usually discarded in such experiments; 
namely, in the alcohol supernatant in the case of ethanol inactivation and 
in the coagulum in the case of heat inactivation. 

3 volumes of ethanol were added to 1 volume of a Q preparation, and 
the precipitate centrifuged and resuspended in the original volume of wa- 
ter. The supernatant was evaporated, taken up in alkali, neutralized to 
pH 6.0, and adjusted to the original volume. The activity of each solu- 
tion was measured in the usual way for Q preparations; 7.e., the loss of 
blue value in 5 minutes under standard conditions. The results are given 
in Table I. 

A portion of a Q preparation was held at 80-90° for 5 minutes. Ac- 
tivities were measured of the heated but uncentrifuged enzyme (now tur- 
bid), of the centrifuged precipitate after solution in alkali with subsequent 
neutralization, and of the clear supernatant. The activities are given in 
Table I. Activities greater than that of the original preparation can be ac- 
counted for, as will be shown below, by the more rapid reaction of the 
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“liberated” fatty acids than of the fatty acids bound in the Q prepara- | 
tion. 
Effect of Some Reagents—A series of reagents, including some common | 
enzyme inhibitors, was added to a standard digest and the Q activity 
measured as the per cent loss in blue value in 30 minutes. The results are 
given in Table II. It will be noticed that only silver ions cause inactiva- 
tion, and this may be due to the stability of silver salts of fatty acids, 
which would inhibit complex formation with amylose. : 
The fact that strong alkali does not diminish activity must be consid- 
ered most unusual if the Q preparation is regarded as an enzyme, but is 
readily understandable if the observed activity is due to fatty acids. 
An additional interesting observation was the reactivation of a Q prep- | 




















TaB_eE II 
Effect of Certain Reagents on Q Activity 
Rea: t dded a activity* Q activity* 

oars without reagent with reagent ) 

per cent ber cent 

MRC POAN IND oo ors tgs Siti sols h Fein e hee sia, 58.7 53.4 

0.005 u Dea te ey ee er 43.5 44.5 

0.005 “ SEAS dap cate See td Wn ce eRe ROE rd re Sees 42.7 43.4 

0.02 m Sh es aS Re ea Re TRE 25.5 46.0 

0.3 m potassium hydroxide........................ 33.0 33.0 
3G * “i ee ithcnia di vorad oats ae arnt 33.0 49.3 i 
OGOIG MBOGIIIN MUOTIIE.. 65a 0.5 5 csr0.6 0665 0.08 ere:o ers 58.7 58.7 j 
O01 Mt MOLASRIUM CYAMIGE: «2.0.6 cs ce ceee seve 58.7 58.7 ‘ 
0.000037 M silver nitrate..................0.00000. | 58.7 32.9 
* Expressed as per cent loss of blue value of amylose in 30 minutes. 
f 
¢ 


aration which had lost its activity after 2 months storage in the refrigera- 
tor. Under these conditons a gelatinous precipitate had settled from the 
solution. The supernatant liquid contained practically no activity, while 
the stirred suspension showed a slight activity. The addition of strong 
potassium hydroxide solution clarified the preparation, which after neu- © 
tralization showed an activity comparable to that of a fresh preparation. 
Reversal of Reaction on Heating—A plum-staining digest (8 ml.) of am- | 
ylose and a Q preparation which had lost more than 50 per cent of its 
original blue value was brought to 100° and rapidly cooled by pouring | 
into a large volume (400 ml.) of cold water. On adding iodine, it was | 
found that the blue value had increased. This indicates a reversal of the 
reaction which was “frozen” by the rapid dilution and cooling. Typical 
results are given in Table III. A hot digest, which was allowed to cool | 
slowly without dilution, suffered practically no change in blue value. p 


The extent of this reversal was sufficiently large to be visually observ- | 
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able by means of iodine stains. The digests before boiling stained a plum 
to blue-plum color with iodine and after boiling stained blue. 

These results are more in accord with the hypothesis that the product 
of the reaction is a dissociable complex of amylose and fatty acid than 
with the hypothesis that the product is a branched polysaccharide. 

Unusual Properties of Product of Reaction of Amylose with Q Prepara- 
tion—A large digest was prepared with 5.00 gm. of amylose dissolved in 
125 ml. of normal potassium hydroxide (subsequently neutralized with 0.5 
n hydrochloric acid), 1 liter of citrate buffer (pH 6.1), 500 ml. of a Q prep- 
aration, and water to make a total volume of 4 liters. The digest was al- 
lowed to stand 12 hours. A precipitate was removed by centrifugation 
and dried with ethanol and ether (Fraction I, 1.254 gm.), and the super- 
natant solution boiled to precipitate coagulable proteins. This precipitate 
was centrifuged and dried (Fraction II, 2.55 gm.). The supernatant liq- 


Taste III 
Reversal of Reaction on Heating 











Blue values 
Seen Per cent reversion 
Original amylose solution Q digest after 8 hrs. Q digest after boiling 
0.95 0.43 0.72 56 
0.92 0.37 0.65 51 
0.92 0.43 0.67 49 
0.92 0.41 0.57 31 











uid was dialyzed overnight against running tap water to remove the buffer 
salts, concentrated to a 500 ml. volume under reduced pressure, and then 
dialyzed against 4 gallons of distilled water. The resulting solution was 
subjected to the Schoch method of fractionation (10) by boiling and stir- 
ring in Pentasol while hot. On cooling, a precipitate separated and was 
collected by centrifuging and drying. This presumably was amylose 
(Fraction III, 0.861 gm., iodine adsorption 0.18 gm. per gm. of sample). 
The supernatant, evaporated under reduced pressure to a volume of 350 
ml. before precipitation with ethanol, yielded 1.43 gm. of Fraction IV, 
which should have contained any amylopectin which might have been 
formed or been originally contained in the amylose as impurity. 

Fraction IV was subjected to a series of analyses in an attempt to es- 
tablish its identity with amylopectin. (1) The fact that this fraction did 
not precipitate in water saturated with mixed amyl alcohols (Pentasol) 
would indicate that it was not amylose. The possibility that the fraction 
owes its solubility to a low molecular weight brought about by the slight 
amylolytic action of the Q preparation on the original substrate is ruled 
out on the basis of the reducing value of the fraction, which was experi- 
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mentally indistinguishable from zero. Furthermore, Horan (11) was able co 
to precipitate amyloses with molecular weights as low as 5000 (determined ad 


with iodine and had a blue value of 0.32, which corresponds to 68 per cent 
amylopectin if the sample contains no interfering substances. (3) The 
B-amylase limit of conversion was found to be 40 per cent, which is of the 
same order of magnitude as that found by Bourne and Peat (1) for sam- an 
ples prepared by the combined action of phosphorylase and Q enzyme 

upon glucose-l-phosphate, without any fractionation of the products. | 


| 
ultracentrifugally) with butanol. (2) Fraction IV stained a plum color | ad: 
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MG. 15/35 MG. SAMPLE 

Fig. 1. Potentiometric iodine titrations (inflection point method). Curve A, 

iodine blank; Curve B, amylopectin; Curve C, amylose-fatty acid; Curve D, amy- | 

lose-Q; Curve E, amylose; Curve IV, Fraction IV. 
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} 
These limits of conversion are lower than those reported for amylopectin Cen 
isolated from natural sources. However, it is possible that products pre- | IV, 
pared in vitro might differ in detail from those produced in the plant. On : 7 
the other hand, it was found that fatty acids reduce the B-amylase limit | es 
of conversion of amylose from almost 100 per cent to 30 to 50 per cent | “a 


(Table IV). (4) The potentiometric iodine titration curve of Fraction IV iia 
has an almost imperceptible inflection point in the neighborhood of 4.5 tion 
mg. of iodine per 35 mg. of sample. This could be interpreted as meaning (Cu 
that the sample has about 65 per cent amylose, or 35 per cent amylo- ae 
pectin, were it not for the fact that the shape of the titration curve does B On: 
not resemble that obtained for a mixture of similar composition (see (14), that 
Fig. 4). In fact, the curve resembles most closely the one obtained for 4 | sins 
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complex of amylose and linoleic acid (Fig. 1, Curve C). (5) The iodine 
adsorption curve calculated from the titration data (15, 16) indicates an 
adsorption equivalent to that of a sample containing 58 per cent amylose 
(Curve LV, Fig. 2), but the shape of the curve and the limiting value again 
lie very close to that of the amylose-linoleic acid curve (Fig. 2, Curve C). 

The similarity of the titration and adsorption curves of Fraction IV and 
an amylose-linoleic acid complex could not in themselves be taken as con- 
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Fic. 2. Potentiometric iodine titrations (adsorption plot). Curve A, amylose; 
Curve B, amylopectin; Curve C, amylose-fatty acid; Curve D, amylose-Q; Curve 
IV, Fraction IV. 
clusive evidence of the nature of Fraction IV. These curves are very sim- 
ilar to those obtained in these laboratories (11) for degraded amyloses, and 
one might suspect the amylase in potato of degrading the amylose sub- 
strate during the experiment. However, a degraded amylose with a titra- 
tion curve similar to that of Fraction IV would have a high reducing value 
(Cu number about 200) (11), would be precipitated by the mixed amyl 
alcohols, and would be completely converted to maltose by 6-amylase. 
On the basis, therefore, of all the evidence presented, one must conclude 


that Fraction IV consists almost entirely of an amylose-fatty acid com- 
plex, 
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Extraction of Fatty Acids from Q Preparation—The unexpectedly high sc) 


Q activity of the juice prepared from the endosperm of maturing waxy of 
and non-waxy maize led to a study of the interference of the fatty acids, | | 
known to be present in these materials, with the iodine reactions of am- | tic 
ylose. The similarity in behavior of a buffered solution of the fatty acids ; th 
extracted from commercial corn-starch and a Q preparation from potatoes | _lin 
led to an examination of the latter for fatty acids. thi 

912 ml. of potato juice were converted by the usual procedure to 18) | ac 


ml. of Q preparation (1). To this 3 volumes of ethanol were added, the | __ tre 
solution centrifuged, the precipitate collected (1.67 gm.), and the super. | 
natant liquid slightly acidified and then evaporated. During this latter 
process oily droplets appeared. On the addition of a solution of normal 
potassium hydroxide these droplets disappeared. The solution was fil- 
tered, then reacidified with hydrochloric acid, and extracted with ether. 
The dried ether extract was evaporated to dryness, weighed (0.20 gm.), 
and again taken up in potassium hydroxide solution. From one portion | 
of the solution a crystalline a-naphthylthiuronium salt was prepared. An- | 
other portion was tested and was found to have Q activity. The existence | 
of fatty acids in the Q preparation is thus established. 

The quantity of fatty acid isolated is of the correct order of magnitude 
necessary to produce the loss in blue value observed with Q preparations. 
The standard digest (8 ml.) contains 10 mg. of amylose and 1 ml. of Q 
preparation, corresponding to about 1 mg. of fatty acid (200 mg. of fatty 
acid per 180 ml. of Q preparation) and has a blue value after complete 
reaction of about 0.40. An amylose complex with about 10 per cent fatty 
acids of saponified corn oil has a blue value of about 0.50. 

Comparison of Behavior of Potassium Salts of Fatty Acids and Q Prepara- | 


— 


tion—Fatty acids have been reported to form stable, water-insoluble con- | é I 
plexes with amylose (12, 13) and, in fact, have been used in place of bu- | vf 
tanol for the fractionation of starch (17). Under the conditions of the} _ tio: 


experiments reported here, namely, mixing a solution of the potassium) Q 
salt of the fatty acid (which may contain a slight excess of alkali) anda | of 1 


buffered solution of amylose (pH 6.1), the complex precipitates very| by 
slowly, but can be kept in solution indefinitely by reducing the amount | rig! 
of electrolyte in solution, either by dialysis or by precipitating the con- wh: 
plex completely with ethanol and redissolving in water. | = hot 

A solution of potassium linoleate was prepared by adding a potassium | 6 


hydroxide solution in slight excess over that necessary for neutralization | cen 
to 90 mg. of linoleic acid and by diluting to 100 ml. This solution wa} as 
approximately equivalent to a Q preparation on the basis of the limiting ylo: 


reduction of the blue value of an amylose solution. The rate of reaction} the 
of potassium linoleate with amylose was measured by the method de} am 
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scribed above, 1 ml. of the potassium linoleate solution being used in place 
of 1 ml. of the Q preparation. 

The rate curves for potassium linoleate (Curve A) and for a Q prepara- 
tion (Curve B) are given in Fig. 3. The general course of the reaction is 
the same for both solutions. However, the rate of reaction of potassium 
linoleate is much greater than that of the Q preparation, particularly in 
the early stages. This observation accounts for the apparent increase in 
activity of a Q preparation, observed after it has been subjected to a 
treatment which liberates the fatty acid, e.g. ethanol and heat “‘inactiva- 
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Fic. 3. Rate curves. Curve A, potassium linoleate; Curve B, Q enzyme; Curve 
C, edestin-potassium linoleate. 


tion” (see Table I). The continued loss of blue value of the digest with 
Q preparation after 3 hours was shown to be accompanied by an increase 
of the reducing value of the digest. The reducing values were determined 
by the method of Shaffer and Somogyi (18) and are plotted in the lower 
right-hand corner of Fig. 3. This action is apparently due to an amylase, 
which differs from others reported by showing an induction period of 3 
hours before its action is observable. 

8-Amylase Hydrolysis Limits—The relatively low conversion (40 per 
cent) of Fraction IV to maltose by B-amylase mentioned above required 
a study of the action of this enzyme on the complexes formed from am- 
ylose and fatty acids. For comparative purposes, additional samples of 
the complexes formed from amylose and Q preparations (referred to as 
amylose-Q) were studied. 
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The amylose-fatty acid complex was prepared in the manner mentioned 
above, by use of the fatty acids of saponified corn oil. The complex was 
precipitated, collected, and dried. The amylose-Q complexes were pre- | 
pared in the usual way, except that no precipitation of amylose was car- | 
ried out. : | 

The limit of conversion with B-amylase was reached after 1 hour, but | 
the digests were allowed to stand overnight to insure completion of reac- 
tion. After this time an aliquot was tested for B-amylase activity, with 
amylopectin as substrate, and in all cases it was found that the B-amylase 


was still active. The results are given in Table IV. | 


A simple correlation between blue value and 6-amylase limits was not 
found, but this may be due to variations in the preparation of samples, 








Tasie IV 
B-Amylase Limits of Conversion of Amylose-Fatty Acid and Amylose-Q 
Preparations 

Sample Blue value 6-Amylase limit } 

per cent 
ATHY IGBS-TAUUYIACIO ose fo. vs Seca his bane cuba Oe 0.391 30 
CENTOS: “2 100% Se Pe 0.779 67 
oA fety Lene C) 3 a ee er ae 0.369 28 
CE CALS a Li 02 0 A a a 0.535 46 
(Acti Looe Ua eae rh ene oe nar ae ne 0.402 50 
pte cla 1 a St ene 0.430 54 











* This sample was titrated potentiometrically with iodine. The lack of an in- 
flection point in the curve could be interpreted as 100 per cent amylopectin. The 
adsorption curve calculated from the same data indicated 48 per cent amylopectin. 


to the presence of extraneous proteins, and to a difference in fatty acid 
composition. Preliminary experiments showed that oleic, elaidic, stearic, | 
and linoleic acids combine with amylose at different rates and give prod- 
ucts with different final blue values. The inability to remove the fatty 
acids completely with 85 per cent methanol may be due to the fact that 
the fatty acids were incorporated into the amylose as soaps and not as 
free acids. These problems are being studied further. 

Potentiometric Iodine Titrations—Mikus, Hixon, and Rundle (13) have 
shown that the decrease of iodine adsorption of amylose is a linear func- 
tion of the percentage of fatty acid incorporated in the amylose. Their 
measure of iodine adsorption was the end-point as characterized by the 
inflection point of a titration curve. The titration curves of the amylose- 
fatty acid (Fig. 1, Curve C) and amylose-Q (Fig. 1, Curve D) complexes 
studied in the present investigation indicated an iodine adsorption of only | 
0 to 1 per cent when calculated by this method (inflection point method). | 
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If, however, the titration data were translated to an adsorption curve 
(bound iodine plotted as a function of free iodine) according to the method 
of Lansky, Kooi, and Schoch (15) and of Gilbert and Marriott (16) and 
extrapolated according to the suggestion of the former authors to zero free 
iodine, one finds that the adsorptive capacity of the amylose-fatty acid 
complex (Fig. 2, Curve C) and the amylose-Q complex (Fig. 2, Curve D) 
is in the neighborhood of 10 per cent iodine (corresponding to 50 per cent 
amylose) for both. A qualitative interpretation of these results is simple 
when viewed in terms of the dissociation constants of the iodine com- 
plexes. The iodine titration curves of amylose (Fig. 1, Curve E) and 
amylopectin (Fig. 1, Curve B) are typical of weakly and strongly disso- 
ciating compounds, respectively, while that of the amylose-fatty acid (Fig. 
1, Curve C) is typical of a moderately dissociating compound. The 
method of calculating iodine capacities, suggested by Lansky, Kooi, and 
Schoch, from adsorption curves is strictly applicable only to weakly dis- 
sociating compounds (e.g. amylose-iodine complex). More strongly dis- 
sociating compounds to be treated in the same way must be titrated to 
concentrations of free iodine much higher than have been used in practice 
up to the present time, because the slope of an adsorption curve depends 
not only on the capacity to adsorb iodine but on the dissociation constant 
of the complex as well. It is evident that a fatty acid combines with the 
amylose in a manner which reduces the intensity of the binding of the 
latter with iodine. 

For our present purposes, it is sufficient to point out that the titration 
curve (Fig. 1) and the adsorption curve (Fig. 2) of an amylose-Q complex 
are almost identical with the corresponding curves of an amylose-fatty 
acid complex and differ in character from the curves of amylose, amylo- 
pectin, or their mixture. 

Simulation of Rate of Reaction of Q Preparation by Protein-Fatty Acid 
Complez—The experiments described above establish the practical identity 
of amylose-fatty acid and amylose-Q complexes. The only outstanding 
difference between the two lies in their rate of formation. Because the 
Q preparation contains protein in addition to fatty acid, it was thought 
that the kineties of its reaction with amylose could be approximated if the 
fatty acids were first adsorbed on an inert protein, before the addition to 
amylose. One might expect that the competition between the protein 
and the amylose for the fatty acids would reduce the rate of loss of blue 
value. 

With this in mind, 1 gm. of crystalline edestin (prepared from hemp 
seed) was dissolved in 100 ml. of a solution of potassium linoleate con- 
taining 0.9 mg. of linoleic acid per ml., and allowed to stand for a week. 
Rate measurements were made in the usual manner, with 1 ml. of this 
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solution in place of 1 ml. of a Q preparation. ‘The rate curve obtained is 
labeled Curve C in Fig. 3. It is almost identical with Curve B for a Q 
preparation, suggesting that the fatty acid in the Q preparation is at- 
tached to the protein fraction. In fact, the only significant difference oc- 
curs after 3 hours, when the effect of the amylase in the Q preparation 
makes itself apparent, as mentioned above. 

Preparations of crystalline bovine serum albumin and oleic acid gave 
similar rate curves. Although the protein retards the adsorption of fatty 
acid by amylose, the experiments performed to date indicate that the 
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Fic. 4. pH optima. Curve A, Q enzyme in veronal buffer (from Barker, Bourne, 
and Peat (5)); Curve B, albumin-fatty acid in veronal buffer; Curve C, edestin-fatty 
acid in veronal buffer; Curve D, albumin-fatty acid in phosphate buffer; Curve E, 
edestin-fatty acid in phosphate buffer. 


transfer to amylose is complete. These results may appear to contradict 
previous reports that proteins bind fatty acids more strongly than starch 
(19). However, starch contains about 75 per cent amylopectin which, 
preliminary experiments have shown, binds fatty acids weakly. Further- 
more, the starch used in many laboratories is Lintner soluble starch, 
which is highly degraded and contains a negligible amount of high molec- 
ular weight amylose. Further studies of the transfer of fatty acids from 
protein complexes to amylose are being undertaken. 

The report of Barker, Bourne, and Peat (5) of a pH maximum (pH 7.0) 
for the action of a Q preparation on amylose in a veronal buffer suggested 
a search for the same effect in the action of a serum albumin-linoleic acid 
complex on amylose. The results, with various buffers, are shown in Fig. 
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4. It is interesting to note that a well defined maximum is obtained only 
when a veronal buffer is used and not when a phosphate buffer is used. 
It should be mentioned that veronal buffers were not used in previous 
work (1-4) and are not at all effective as buffers in the region tested. 

Improved Methods of Preparation—The improved method recently re- 
ported for preparing Q enzyme free of amylase by a lead acetate precipita- 
tion (4) yields a product with properties similar to the original prepara- 
tion. While in most enzyme preparations with lead acetate it is used to 
precipitate extraneous proteins, in the present case this precipitate is used 
to concentrate the “activity.” Since the lead salts of fatty acids are in- 
soluble, one would expect to find the fatty acids and hence the activity 
in this fraction. 

A more recent communication by Gilbert and Patrick (20) reports the 
crystallization of Q enzyme. Insufficient data are given to enable one to 
judge the validity of this claim of an isolation of a branching enzyme from 
potatoes. Sufficient data are given, however, to enable one to recognize 
that the preparation is different from that of the original Q enzyme. 
Since these materials can be defined only in terms of their method of prep- 
aration, objection must be taken to the use of one name, “‘Q enzyme,” for 
two materials prepared by different methods, until their identity is es- 
tablished. 

SUMMARY 


1. It has been verified that the preparation designated Q enzyme by 
Haworth, Peat, and Bourne converts amylose to a product which stains 
red with iodine and which is only partially converted to maltose by 6- 
amylase. 

2. The Q preparation has been shown to retain this property after treat- 
ment with 3.6 m potassium hydroxide, as well as in the presence of 0.02 
M iodine and other reagents. 

3. It was possible to reverse the reaction to the extent of about 50 per 
cent by heating. 

4. The alcohol and heat inactivation of the preparation which had been 
demonstrated earlier (1-3) has been shown not to be real. All the ac- 
tivity was found in portions of the preparations which were previously 
discarded. 

5. Fatty acids and protein-fatty acid complexes have been shown to re- 
act with amylose in a manner similar to that of a Q preparation. 

6. The product of the reaction of amylose with a Q preparation was 
shown by a series of reactions to resemble an amylose-fatty acid more 
closely than either amylose or amylopectin. 

7. Fatty acids in an amount sufficient to account for all the activity 
were extracted from a Q preparation. 
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8. It is concluded that the product of reaction between a Q preparation 
and amylose is mainly an amylose-fatty acid complex and not a branched 
polysaccharide like amylopectin. 


The authors are indebted to the Corn Industries Research Foundation 
for a grant which made this work possible. 


Addendum—Since this paper was sent to press, Parts VIII and IX in the series 
“The enzymic synthesis and degradation of starch’? appeared (21, 22). In these 
articles is described the synthesis of polysaccharides from glucose-1-phosphate in 
the presence of both phosphorylase and Q enzyme. The hydrolysate of the meth- 
ylated derivative of one of the products clearly showed the presence of dimethyl 
glucose on a paper chromatogram. Because it is not likely that fatty acids would 
interfere with this end-group method, it would seem that a branched starch had 
been synthesized. This synthesis, however, was effected from glucose-1-phosphate 
and not from amylose. In either case, the methods previously used for the identifi- 
cation of amylopectin, based on the iodine reaction and on the limited action of 
8-amylase, are insufficient, as shown by the present work, to establish the existence 
of branching. 
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CORTICOIDS AND BODY AND ORGAN WEIGHTS, NITROGEN 
BALANCE, AND ENZYMES* 


By CHARLES D. KOCHAKIAN{ ann EVANGELINE ROBERTSON 


(From the Department of Physiology and Vital Economics, School of Medicine 
and Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, August 11, 1950) 


The restoration of the arginase activity of the liver of the adrenalecto- 
mized rat by glucocorticoids (1, 2) has been attributed (1) to the known 
increase in protein catabolism. If, however, an intense acute glyconeo- 
genesis is stimulated by these steroids, no concomitant increase in arginase 
activity of the liver of either adrenalectomized or normal rats occurs (3, 4), 
but the alkaline phosphatase is greatly increased (5, 4). In order to ob- 
tain further insight into the relationship of these enzymes to the protein 
metabolic effect of steroid hormones, several adrenal cortical steroids have 
been administered for varying periods of time and at different doses to 
castrated mice, and a simultaneous study of changes in protein metabolism 
and enzyme activities of the liver and kidney has been made. 


Procedure 


Animals—Male mice were castrated at 17 to 19 gm. of body weight and 
were maintained usually two in a glass jar! in an air-conditioned room at 
25.5-26.6°. A false bottom of 3 mesh galvanized wire screen permitted 
collection of urine and feces. 5 ml. of a 5 per cent benzoic acid solution in 
ethyl alcohol were spread and dried over the bottom of the jar as a preserv- 
ative. The urine collections, with the exceptions noted, were made at a 
sequence of 2, 2, and 3 day intervals. 

Diet—The mice were fed ad libitum either Rockland rat diet or a pre- 


* This investigation was supported by grants from the Ciba Pharmaceutical 
Products, Inc., and the American Cancer Society on recommendation of the Com- 
mittee on Growth of the National Research Council. Parts of these data were pre- 
sented before the American Society of Biological Chemists at the Federation meet- 
ings in 1950 (Federation Proc., 9, 191 (1950)). The 11-dehydrocorticosterone was 
provided by Dr. E. C. Kendall and Merck and Company, Inc., 11-dehydrocorticos- 
terone acetate in oil solution by Merck and Company, Inc., 11-desoxy-17-hydroxy- 
corticosterone acetate (Reichstein’s, S) by Dr. K. Miescher, 11-desoxycorticosterone 
acetate by the Ciba Pharmaceutical Products, Inc., cortisone acetate by Merck and 
Company, Ine., and the aqueous and lipoadrenal cortical extract by Dr. M. Kuizenga 
and Dr. D. J. Ingle of The Upjohn Company 

+ Present address, Oklahoma Medical Research Institute, 825 North East 13th 
Street, Oklahoma City, Oklahoma. 

‘ Pickle jars 6 inches in diameter were cut to a height of 5.5 inches. 
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pared diet composed of casein 16.7, sucrose 61.2, hydrogenated vegetable 
oil 7.4, dry brewers’ yeast (Fleischmann’s No. 2019) 9.2, Cellu flour 1.8, 
Wesson’s salt mixture 3.7 (6), and three times per week a supplement of 1 
drop of cod liver oil and 1 drop of a 34 per cent tocopherol? concentrate of 
wheat germ oil diluted 10-fold with Wesson oil. The prepared diet was 
fed in a special feeder (7) so that the amount eaten could be determined, 
and was used in all of the nitrogen balance studies. The animals were fed 
and weighed just before the urine collections. 

Hormone Treatment—The experiments were begun 40 to 60 days after 
castration. They were either acute in accordance with the Reinecke-Ken- 
dall test (8) and the modification of Olson et al. (9) or chronic by daily in- 
jections for 25 days and the subcutaneous implantation of pellets of the 
steroids for various periods of time. The pellets were cylindrical in shape 
and weighed approximately 14 mg. each (10). The control animals were 
sham operated. The mice for the different groups in each series - experi- 
ments were paired according to body weight. 

Autopsy and Analyses—In the acute experiments the mice were killed by 
spreading the vertebrae at the neck to sever the spinal cord. The liver 
was immediately removed and approximately one-half used for glycogen 
determination by the Good-Kramer-Somogyi technique (11), except that 
the hydrolyzed glycogen was neutralized to phenolphthalein (12). The 
improved Somogyi method (13) was used to determine the reducing sub- 
stances as glucose. The remainder of the liver was homogenized for the 
enzyme determinations as previously described (5, 14). 

In the chronic experiments food but not water was removed from the 
mice 19 to 24 hours before autopsy. The spinal cord of the mice was 
severed as above and the animals were immediately bled to death by cut- 
ting the blood vessels of the neck. Approximately one-half of the liver 
and one kidney were homogenized for the enzyme determinations and the 
rest of the liver, the other kidney, and the remaining tissues were saved for 
analyses. 

The organs were weighed on a Roller-Smith torsion balance. Nitrogen 
was determined by the micro-Kjeldahl procedure. 


Results 
Body Weight and Nitrogen Balance 


Cortisone Acetate and 11-Desoxy-17-hydroxycorticosterone Acetate (Reich- 
stein’s Compound S)—The subcutaneous implantation of a pellet of corti- 
sone acetate produced (Fig. 1) an immediate and rapid decrease in body 
weight for 7 days, when there was an abrupt cessation of further loss, 


2The tocopherol concentrate was provided by Distillation Products, Inc., 
through the courtesy of Dr. P. L. Harris. 
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followed by a small and gradual increase. At the same time the urinary 
nitrogen increased, resulting in a decrease in the existing positive nitrogen 
balance, which after 7 days was restored, owing, apparently, to the con- 
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Fic. 1. The effect of cortisone acetate on castrated mice. The cortisone acetate 
was implanted subcutaneously as a 13 to 15 mg. pellet at the time indicated by the 
arrow. The-values for the control mice are indicated by the broken lines and those 
of the cortisone-treated mice by the solid lines. O, body weights of the control 
mice; @, experimental mice. Identical results were obtained in three other series 
of experiments. Ten mice in each group. Average body weights at the time of 
pellet implantation, controls 31.0 + 0.9 gm.; cortisone acetate-treated, 30.8 + 1.0 
gm. Many of the body weights during the pretreatment period were identical for 


control and experimental groups; therefore, these values for the control group are 
masked in the graph. 





ce) 


comitant increase in food intake of roughly 20 per cent. These effects 
were consistently repeated in experiments of 2, 7, and 30 days duration, 
but the data are omitted to conserve space. The loss in body weight, 
however, cannot be accounted for entirely by the loss of nitrogen. The 
average loss of nitrogen of the three series of experiments during the initial 
7 days after implantation of the hormone pellet, the protein catabolic 
phase, was 67 mg., which is equivalent (15) to 2.0 gm. in body weight, 
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while the average observed loss in body weight during this same period 
was 3.7 gm. Furthermore, this difference between observed and calcu- 
lated body weight was present in each of the three separate periods of the 
7 days. 

When cortisone acetate was implanted as a pellet composed of an equal 
part of cholesterol to reduce the rate of absorption, the body weight de- 
creased only 1.8 gm. and after 4 days began to increase slowly. The 
extra nitrogen excretion also was of shorter duration, 2 days. 

The loss in body weight and the urinary nitrogen excretion during the 
fasting period preceding autopsy were the same for all groups of mice in 
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Fig. 2. The effect of corticoids on the body weight of castrated mice. The corti- 
coids were implanted subcutaneously as 13 to 15 mg. pellets (cf. Table I). O, con- 


trols; @, 11-dehydrocorticosterone; ? , 11-dehydrocorticosterone and cholesterol as 
a 1:1 mixture; @ , 11-desoxycorticosterone acetate. 


all of the experiments except the 2 day experiment. The treated mice 
lost more body weight and excreted almost twice as much nitrogen as 
their controls during the last 10 hours of the fasting period. It is to be 
noted that these animals also were the only group in the protein catabolic 
phase at the time of autopsy. 

The results in the experiments with 11-desoxy-17-hydroxycorticosterone 
acetate were identical to those of the control mice and are not presented. 

11-Dehydrocorticosterone and Desoxycorticosterone Acetate—The 11-dehy- 
drocorticosterone produced (Fig. 2) an immediate and rapid loss in body 
weight, which, however, was only about 70 per cent of that produced by 
cortisone acetate, even though the dosage was much greater, 30-fold, than 
that of the cortisone acetate. The effect of a pellet containing an equal 
mixture of cholesterol and 11-dehydrocorticosterone was only half that 
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produced by the pure hormone. Furthermore, after about 1 week, the 
body weight of the animals ceased to decrease and about 20 days later was 
back to the original value. The maximum decrease in body weight pro- 


TABLE | 
Effect of 11-Dehydrocorticosterone and 11-Desoxycorticosterone Acetate on 
Organ Weights of Castrated Mice* 


These mice were fed Rockland rat diet blocks ad libitum. 














Ise id Body weight 
gy ab- Kidney Liver Thymus 
sorbed} Initial | Finalt 
7 day experimentst 
| 
~—2" gm. gm. mg. mg. mg. 
Control 6 20.38 + 0.5/17.2 + 0.2/244 + 2/841 + 12/42 +3 


11-Dehydrocorti- 3 | 1.56 (20.5 + 0.1/15.0 + 0.8/288§ + 20/818 + 30) 0]| 
costerone 
11-Dehydrocorti- 6 | 0.28 |20.8 + 0.6/16.5 + 0.2/282 + 3/752 + 23) 0 
costerone (1:1)§ 





30 day experiments** 





835 + 34/39 + 2 


Control 6 22.4 + 0.5/20.7 + 0.4/222 + 
+ 6/745 + 20/42 + 4 


11-Dehydrocorti- 3 | 0.10 (21.5 + 0.3/19.6 + 0.6/233 
costerone (1:1)] 

11-Desoxycorti- 5 | 0.24 |22.6 + 0.6/20.3 + 0.4|270 
costerone ace- 
tate 


om 


ct 
~I 


846 + 18/37 + 2 


























2 aad 
* The standard error of the mean (cz) = Wo og = NE — X?; X = ob- 


served values, N = number of animals, X = mean. 

+ Body weight at autopsy preceded by 19 to 24 hours without food. 

t These mice were of the dba strain and were generously supplied by Dr. S. 
Warner, Biological Station, Springville, New York. 

§ One of these mice had grossly observable bloody cysts on the surface of the 
kidneys. 

|| The spleens of the treated mice were observably smaller than those of the con- 
trols, but were not weighed. 

{| The pellets for these mice were prepared from an equal mixture of 11-dehydro- 
corticosterone and cholesterol. 

** These mice were of the Swiss strain from our Department of Bacteriology. 
The spleens of these mice were not inspected. 


duced by the mixture of cholesterol and 11-dehydrocorticosterone was 
remarkably similar in the two series of experiments. 

The desoxycorticosterone acetate had no effect on the body weight (Fig. 
y) 


The animals in the above experiments (Table I, Fig. 2) were fed Rock- 
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land rat diet ad libitum. The food intake and nitrogen excretion were 
not determined. 

The injection of 0.5 mg. per day of 11-dehydrocorticosterone acetate, 
dissolved at 5 mg. per ml. in sesame oil containing 10 per cent benzy] 
alcohol, was completely ineffective in regard to body weight, nitrogen 
excretion, and food intake. The data are not presented. 


Organ Weights 


Cortisone Acetate and 11-Desoxy-17-hydroxycorticosterone Acetate—The 
thymus and spleen rapidly decreased in weight (Fig. 3), and by about the 
7th day of cortisone acetate treatment the thymus had completely in- 
voluted and the spleen had attained-its maximum loss in weight of about 
70 per cent. The loss in weight of these organs, however, accounts for 
only a small fraction of the loss in body weight and extra nitrogen excre- 
tion. Thus the average maximum loss in weight due to atrophy of the 
thymus and spleen is about 130 mg., which is equivalent to about 4 mg. 
of nitrogen. 

The kidneys showed no change after 2 days, but had significantly in- 
creased, 14 per cent, after 7 days, and were maintained at this level for 
21 days, but after 30 days showed a further increase. This second in- 
crease was accompanied by the presence of a few bloody and urinary cysts 
in several of the kidneys. It is noteworthy that this organ increases in 
size in spite of the loss in total body weight. 

The liver weight was increased at 2 days, back to the control values at 
7 days, decreased at 21 days, and further decreased at 30 days. 

The 11-desoxy-17-hydroxycorticosterone acetate after 21 days had no 
noteworthy effects on the weights of the organs. This compound also 
was absorbed at a much slower rate, 0.09 mg. per day, than the other 
steroids. 

11-Dehydrocorticosterone and 11-Desoxycorticosterone Acetate—The thy- 
mus after 7 days at both dose levels of 11-dehydrocorticosterone had com- 
pletely involuted (Table I) and the spleen had observably diminished in 
size but was not weighed. After 30 days at the lower dose level the thy- 
mus had returned to the control size, suggesting that the pellet was no 
longer releasing an effective dose of the hormone. Desoxycorticosterone 
acetate was ineffective. 

A small but significant increase in kidney weight was produced by the 
11-dehydrocorticosterone after 7 days at both dose levels. The kidneys 
at the higher dose exhibited small urinary cysts at the surface. The effect 
on the kidney weight at the lower dose was no longer apparent after 30 
days. The desoxycorticosterone acetate, however, produced a_ small 
increase. 
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The liver of the 11-dehydrocorticosterone-treated mice decreased only 
slightly in weight after both 7 and 30 days and that of the desoxycorti- 
costerone acetate mice was not affected. 

The changes in organ weights represented only a fraction of the changes 
in body weight. 

The injection of 0.5 mg. per day of 11-dehydrocorticosterone acetate in 
0.5 ml. of oil for 25 days did not significantly change the weights of any 
of the organs. 


Enzymes 


Acute Experiments—Two series of experiments with identical results 
were performed. In the first series fasted, adult, castrated mice received 
eight hourly subcutaneous injections of (a) 0.25 ml. of aqueous adrenal 
cortical extract (Upjohn), (b) 0.05 ml. of lipoextract, and (c) 0.25 mg. of 
11-dehydrocorticosterone acetate, and in the second series four injections 
at 14 hour intervals of (a) 0.45 ml. of aqueous adrenal cortical extract and 
(b) 0.1 ml. of lipoextract. The aqueous adrenal cortical extract produced 
a great increase in the liver glycogen, +373 and +316 per cent for the 
respective experiments, accompanied by an increase in liver weight and 
an increase in urinary nitrogen excretion. The oil-soluble corticoids were 
less effective. 

The alkaline phosphatase of the liver, in contrast to that of the rat (4, 
5), was not significantly changed, —18 and —7 per cent, by the aqueous 
adrenal cortical extract or the other corticoids. Therefore, in the first 
series of experiments determinations also were made after the addition of 
magnesium sulfate to the substrate. The expected increase in enzyme 
activity occurred (16), but it was equal for the control and experimental 
groups. Furthermore, to each of the homogenates an equal amount of 
rat liver homogenate was added to determine whether the mouse liver 
lacked some other cofactor; no activation or inhibition was noted. 

The arginase activities, in agreement with the rat studies, were not 
significantly affected, +3 and +9 per cent, in spite of the relatively great 
degree of glyconeogenesis produced by the aqueous adrenal cortical 
extract. 

The kidneys showed no changes in weight, nitrogen content, or enzyme 
activities. 

Chronic Experiments—As the crystalline glucocorticoids became avail- 
able, chronic experiments were undertaken. The injection of 0.5 mg. per 
day of 11-dehydrocorticosterone acetate for 25 days had no effect on the 
enzymes of either the liver or kidney. On the other hand, the implanta- 
tion of pellets of 11-dehydrocorticosterone produced no change in the alka- 
line phosphatase activity of either the liver or kidney (data not presented) 
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but increased the arginase activity of both of these organs (Table II). 
The effect on the liver arginase was small and the same at both of the dose 
levels in the 7 day experiments. The increase, moreover, was no longer 
evident after extension of the treatment to 30 days at the lower dose, 
The increase in the kidney arginase was much greater at the high dose 
level and extension of the low dose treatment for 30 days did not stimulate 
any further increase of significance. Indeed, the changes after 30 days 
are questionable in view of the failure of the 11-dehydrocorticosterone- 


TaBLeE II 


Effect of Subcutaneously Implanted Pellet of 11-Dehydrocorticosterone and 
11-Desoxycorticosterone Acetate on Arginase Activity of Castrated 




















Mouse* 
| No, of | Steroid ese 
| mice absorbed ai 
| Liver | Kidney 
7 day experiments 
| — total units total units 
Plo 5 1S 2 a SERS ete ee re ea EAE : 6 13,100 + 200 | 10.5 + 1.6 
11-Dehydrocorticosterone.......... 3 1.56 | 15,800 + 1900 | 24.4 + 2.0 
7 (ha. 6 0.28 | 16,500 + 660 | 15.0 + 0.4 





30 day experiments 











“ESL NS SE Eee pee Lanes ere 6 | 14,500 + 990} 11.1 + 3.1 
11-Dehydrocorticosterone (1:1)f. .. 5 0.10 | 15,980 + 1300 | 16.9 + 4.9 
11-Desoxycorticosterone acetate....| 3 | 0.24 | 10,130 + 690] 9.8 + 1.5 





* See Table I for experimental details and statistical treatment of data. 
+ The pellets for these mice were prepared from an equal mixture of 11-dehydro- 
corticosterone and cholesterol. 


cholesterol pellet to maintain its effect upon the weights of the thymus 
and kidney (Table I). 

11-Desoxycorticosterone acetate was unable to alter the alkaline phos- 
phatase of the liver or kidney but produced a decrease in the liver arginase 
(Table II), comparable to that previously observed (1) in immature fe- 
male rats injected for 3 days at 3 mg. per day and in hypophysectomized 
immature female rats at lower doses. 

Cortisone acetate produced no change in liver alkaline phosphatase 
(Table III) after 2 days, the effect after 7 days is masked because of the 
unexplained high values in the control animals, but after 30 days a marked 
and definite increase was observed. This enzyme of the kidney was not 
affected. 
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The arginase activity of the liver (Fig. 3) was slightly increased after 
2 days and definitely increased after 7 days of treatment with cortisone 
acetate. Extension of the treatment to 21 days produced a slight further 
increase which, however, was not fully maintained through 30 days of 
treatment. It is significant that in the 7 day experiments the mice 
treated at the lower dose showed an increase in arginase activity identical 








TaBLe III 
Effect of Cortisone Acetate on Alkaline Phosphatase of Liver of Castrated 
Mouse* 
B eight 
No. of Steroid nachos Liver alkaline 
mice absorbed phosphatase 
Initial Finalt 





2 day experiments 





“i am = | as 
COMME: . < .c2cst toe 6 29.0 + 0.9} 2644+0.8/] 7.3 + 1.6 
Cortisone acetate. ...... 9 0.35 | 28.9 +0.5 | 246+0.4|] 8.2+0.8 








Control 























er ee ee 6 28.6 + 0.7 | 27.0 + 0.9 | 15.6 + 2.7 
Cortisone acetate. ...... 6 0.32 | 29.2 + 0.8 | 22.8 + 0.6 | 21.3 + 4.4 
a as Gish) 6 0.08 | 28.8 + 0.7 | 24.9 + 0.9 | 13.3 + 3.7 

30 day experiments 
COMUTO! 2.5.6 5 29.4 + 0.6 | 30.9 10; 80+ 0.4 
Cortisone acetate. ...... 5 0.28 | 30.2 + 0.7 | 25.2 1.1 | 23.4 + 7.3 





*See Table I for statistical treatment of data. 

+ At autopsy and preceded by 19 to 24 hours without food. 

t These pellets were prepared from an equal mixture of cholesterol and 11-de- 
hydro-17-hydroxycorticosterone acetate (cortisone acetate). 





to that at the higher dose, indicating that a maximum enzyme response 
had already been attained at the lower dose. 
|1-Desoxy-17-hydroxycorticosterone acetate did not influence the liver 
arginase. 
The arginase activity of the kidney (Fig. 3), in contrast to that of the 
liver, was greatly increased by cortisone acetate after only 2 days of treat- 
ment and, without any change in kidney weight, was further increased 


after 7 days, but returned to about that of the 2 day experiment after 30 
days. 








490 EFFECTS OF CORTICOIDS 


Nature of Increase in Argunase Activity 


The arginase activities of the liver and kidney in the cortisone acetate 
experiments also were determined by activating the homogenates with 
MnCl, at 50° for 1 hour (17, 18). The subsequent incubation period at 
37° then was reduced to 3 hour for the liver and 1 hour for the kidney. 





” 1 


0.50 CORTISONE MG/DAY | 
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Fie. 3. A comparison of the effect of cortisone acetate on arginase and organ 
weights of the castrated mouse. @, weight of cortisone absorbed and per cent 
change of various organs; ®, per cent change of total units of arginase; O, per cent 
change of units per gm. of arginase. 


This change in procedure did not alter the degree of difference produced 
by the cortisone acetate; therefore, the results are not presented. 

In one of the experiments, mice treated 21 days, the homogenates were 
dialyzed at 5° against 0.01 m sodium barbital for 24 hours; then the arg- 
inase activities were compared with undialyzed samples at pH 7.50, 8.65, 
and 9.45 at the regular (3) and 10-fold concentrations of CoCl, and MnCh. 


* Further details and comparisons on the use of MnCl: and CoCl: as activators 
of arginase will be presented in a separate communication. 
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The effect of the cortisone acetate was not altered under any of these 
conditions. Furthermore, the arginase activities were determined after 
storage of the tissues for 2, 7, 9, and 18 days without any change in the 
degree of increase produced by the cortisone acetate, even though the 
absolute values* had decreased. 


DISCUSSION 


The metabolic effect of cortisone can be divided into at least two 
sharply defined phases: a rapid mobilization of readily available protein 
stores, followed by a period of metabolic readjustment or adaptation. 

The striking feature of the first phase is the rapid decrease in body 
weight and extra nitrogen excretion concomitantly with a maximum in- 
volution of the lymphatic tissues. The ability of glucocorticoids to de- 
crease the weight of the thymus has been repeatedly observed (ef. (19, 
20)) and recently that of the spleen (21-23). 

The mobilization of protein from lymphoid tissue is considered to be a 
specific property of the glucocorticoids (24-26). The amount of protein 
contributed by the thymus and spleen, however, is extremely small. 
While it seems doubtful that the rest of the lymphatic tissue is adequate 
(27) to account for the observed changes in body weight and protein, 
nevertheless there may be much more of this tissue present in the body 
than is recognized (28, 26). 

The disappearance of the initial protein catabolic phase produced by 
cortisone also has been observed (29) to occur and in the same period of 
time, about 10 days, in rats forcibly fed a constant food intake. The 
rat_ as the mouse, therefore, readily adapts itself to the demands of the 
increased circulating hormone. The adaptation, however, is only super- 
ficial, for many internal metabolic changes are occurring, as indicated by 
the changes in kidney and liver weights and enzymes. Furthermore, 
patients with Cushing’s syndrome have been repeatedly reported in ni- 
trogen equilibrium; yet they show obvious areas of endogenous catabo- 
lism and anabolism (ef. (30)). The process of metabolic adaptation is not 
unique to the glucocorticoids. The positive nitrogen balance and increase 
in body weight by both androgens (31) and growth hormone (82, 33) also 
do not continue indefinitely. Here again the internal reshuffling of met- 
abolic substances continues after the effects on nitrogen balance are no 
longer evident.! 

The mechanism of the disappearance of the protein catabolic phase 
produced by the glucocorticoids is not understood. The composition of 
the diet, however, is known to influence the degree of protein catabolism 
(34-38). In earlier studies (39, 40) corticoids produced marked destruc- 


4 Unpublished. 
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tion of cardiac muscle and also lesions of the skeletal muscles, with early 
death of the mice. These effects, however, have not been noted in any 
of the experiments reported in this study. 

What is the relationship of the enzyme changes to these alterations in 
metabolism? The arginase activity of the liver in the mouse as in the 
rat (3, 4) does not increase concomitantly with the observed intense pro- 
tein catabolism. Indeed the maximum increase occurs and continues 
after the protein catabolic phase has disappeared. Thus, it seems very 
unlikely that this increase in arginase activity is associated with extra 
urea production (1). Indeed Krebs (41, 42) in proposing the ornithine 
cycle recognized and even suggested that there possibly were other meta- 
bolic pathways for urea production and also that arginase may have other 
functions than the conversion of arginine to ornithine and urea for 
excretory purposes. Can this increase in arginase activity then be related 
to the internal reshuffling and reorganizing of the body proteins? 

The very marked increase in kidney arginase activity suggests that 
cortisone and androgens (43, 44) have a common effect on this intermedi- 
ary metabolic process. The other effects of the androgens on the kidney 
(44), however, are not shared by cortisone. The increase in kidney size 
is far greater than that produced by cortisone. Furthermore, the andro- 
gens produce a great decrease in alkaline phosphatase, while cortisone has 
no effect. The effect of androgens and cortisone on the thymus, but not 
the spleen, is grossly identical, but as yet no biochemical or physiological 
significance has been attributed to the dissolution of the thymus by the 
androgens (44), but has been for the glucocorticoids (45). 

The many effects of cortisone reported here are similar to those 
produced by large doses of estrogen (46), suggesting that the effects of 
the latter are due to stimulation of endogenous corticoid production. The 
adrenals of the mice treated with B-estradiol had been increased in size 
roughly 70 per cent (cf. (27, 47)). 


The inability of cortisone to produce an immediate increase in liver | 


alkaline phosphatase, in contrast to that observed in rats (4, 5), is unex- 
plainable at this time. It is significant, however, that this enzyme was 
increased after several days of treatment with cortisone and, probably, 
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is not concerned directly with the glyconeogenic process but some other | 


phase of protein metabolism (cf. (4)) which is stimulated later in the mouse 
than in the rat. 

The effects of 11-dehydrocorticosterone differ from that of cortisone 
apparently only in degree, both with respect to the amount needed to 
bring about a response and also the maximum response attainable. Thus, 
about 20 times as much 11-dehydrocorticosterone as cortisone acetate was 
needed to bring about the same decrease in body weight. Moreover, the 
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rly cortisone was much more effective in increasing the arginase activities of 
any the liver and kidney, even at this low dose. 

stn SUMMARY 

the The stimulation of rapid glyconeogenesis in mice by corticoids did not 
pro- alter the arginase activities of the liver or kidneys. On the other hand, 
ues a subcutaneously implanted pellet of 11-dehydro-17-hydroxycorticosterone 
yery acetate produced significant increases in both tissues after 2 days. The 
xtra | same increases were obtained when the determinations were made with 
hine | either CoCl or MnCl. as the enzyme activator. The alkaline phospha- 
eta- | tase of the liver was not increased until after 7 days. The body weight 
ther | of the treated mice decreased very sharply, accompanied by an increased 
for | 


nitrogen excretion, a complete disappearance of the thymus, and a maxi- 





ated mum decrease in the size of the spleen, but the food intake was increased 
about 20 per cent, and after 7 days the extra protein catabolism was no 
that longer evident and the loss in body weight abruptly ceased. 
1edi- 11-Dehydrocorticosterone implanted as a pellet produced effects qual- 
dney itatively similar but quantitatively much less than those of 11-dehydro- 
"size 17-hydroxycorticosterone acetate. 
.dro- A pellet of 11-desoxycorticosterone acetate produced a small increase in 
> has kidney weight and a small decrease in liver arginase, but 11-desoxy-17- 
t not hydroxycorticosterone was ineffective. 
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ADRENAL STEROIDS AND BODY COMPOSITION* 
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In a previous report (1) the effect of adrenal cortical steroids on body 
weight and nitrogen metabolism in correlation with enzymic changes has 
been presented. In this study, an analysis of the tissues of the mice has 
been made in order to obtain a further insight of the mechanism and site 
of action of these steroids. 


Procedure 


Animals and Treatment—The mice were those of a previous report (1). 
They were castrated at 17 to 19 gm. in body weight and were maintained 
usually two, occasionally one or three, in a glass jar in an air-conditioned 
room at 25.5-26.6°. They were fed ad libitum the following diet: casein 
16.7, sucrose 61.2, hydrogenated vegetable oil 7.4, dry brewers’ yeast 
(Fleischmann’s No. 2019) 9.2, Cellu flour 1.8, Wesson’s salt mixture 3.7 (2), 
and three times per week a supplement of 1 drop of cod liver oil and 1 drop 
of a 34 per cent tocopherol! concentrate of wheat germ oil diluted 10-fold 
with Wesson oil. The animals were weighed three times per week. 

The experiments were begun 40 to 60 days after castration. The mice 
in each group of experiments were from a single batch and were studied at 
the same time, except those of the 21 day experiment with cortisone ace- 
tate and 11-desoxy-17-hydroxycorticosterone acetate, which were studied 
in two equal groups at an interval of 1 week. The mice were paired ac- 
cording to body weight at the time of implantation of the corticoid pellets, 
which weighed approximately 14 mg. each (3). A sham operation of im- 
plantation of the pellet was performed on the control animals. 

Preparation of Tissues and Determination of Moisture—The analyses of 

* This investigation was supported by a grant from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council. 
The 11-dehydrocorticosterone was provided by Dr. E. C. Kendall and Merck and 
Company, Inc., the cortisone acetate and the 11-dehydrocorticosterone acetate were 
provided by Merck and Company, Inc., and the 11-desoxy-17-hydroxycorticosterone 
acetate by Dr. K. Miescher. 

} Present address, Oklahoma Medical Research Institute, 825 North Kast 13th 
Street, Oklahoma City, Oklahoma. 

‘The tocopherol concentrate was provided by Distillation Products, Inc., 
through the courtesy of Dr. P. L. Harris. 
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the tissues were essentially as previously reported (4). At autopsy ap- 
proximately 0.5 gm. of the liver and one kidney were saved for the enzyme 
determination (cf. (1)).. The remaining liver and the other kidney were 
saved for analyses. The rest of the mouse, including the previously 
weighed thymus and spleen, is designated as carcass. The tissues were 
dried to constant weight at 95—100° in an electric oven attached to a water 
aspirator. The dried carcass was dissolved with warming in 30 ml. of 50 
per cent potassium hydroxide and 30 ml. of redistilled ethyl alcohol, and 
then made to 200 ml. with distilled water. The liver and kidneys were 
dissolved with warming in 10 ml. of 50 per cent potassium hydroxide and 
10 ml. of redistilled alcohol. The liver digest was diluted to 50 ml. and 
the kidney to 25 ml. with redistilled water. 

Nitrogen Determination—The micro-Kjeldahl procedure was used for all 
nitrogen determinations on | ml. aliquots of the above dilutions. 

Total Fat Determination—The previously reported modification (4) of 
the Leathes and Raper method (5) was used on aliquots of 10 ml. for the 

reass and 15 to 25 ml. for the liver and kidney. 


Results 


Effect of Cortisone Acetate on Carcass—The consistent decreases in body 
weight produced by 11-dehydro-17-hydroxycorticosterone acetate (ef. (1)) 
were not accompanied by any major alterations in the per cent compo- 
sition of the various constituents of the careass (Table I). Thus, the 
amounts of the different substances changed in proportion to the total 
weight of the carcass (Fig. 1), except that at 2 days no loss in fat occurred 
and at 30 days the amount of water loss was decreased sufficiently to com- 
pensate for the further loss in fat. 

The ratio of the lost water to that of nitrogen (Fig. 1) was higher than 
normal (6), even after 30 days. 

The composition of the smaller loss in body weight -obtsined at 7 days 
with the lower dose of cortisone acetate (Table I) was the same as at the 
higher dose except that the fat was slightly, but not significantly, increased 
instead of decreased. 

Effect of Cortisone Acetate on Liver and Kidney—The weight of the liver 
(Table II, Fig. 2) is slightly increased after 2 days of 11-dehydro-17- 
hydroxycorticosterone acetate (cortisone acetate) and then consistently 
decreased. The change in the weight is due mainly to changes in fat and 
water (Fig. 2) especially after 21 and 30 days (Table IT, Fig. 2). 

11-Desoxy-17-hydroxycorticosterone Acetate—The subcutaneous implanta- 
tion of a pellet of 11-desoxy-17-hydroxycorticosterone acetate for 21 days 
did not alter the weight or the composition of the body. 

11-Dehydrocorticosterone—The decrease in carcass weight (Table IT) was 
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TABLE 
Effect of Cortisone Acetate on Composition of Carcass of Castrated Mice* 
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due to a loss of water and protein (Table V). The increase in fat was 
small (Tables III, V) and not sufficient (Table V) to compensate for the 
loss of the other constituents. The lower dose of the corticoid produced 
similar changes, but to a much lesser degree. 

The changes in the constituents of the liver were very small (Ta- 
bles IV, V). 

11-Dehydrocorticosterone Acetate—The daily subcutaneous injection for 
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Fic. 1. Changes produced by cortisone acetate in the carcass of castrated mice. 
The values represent the differences between the respective values of the control 
and treated mice. See Table I. 


25 days of 0.5 mg. of 11-dehydrocorticosterone acetate, dissolved at 5 mg. 


per ml. in sesame oil containing 10 per cent benzyl alcohol, had no effect 
on the weight or composition of the tissues of castrated mice. 


DISCUSSION 


The production by cortisone acetate of a loss in body protein and fat is 
in general agreement with the previous observations by Kendall and Heil- 
man (7) and this laboratory (8). It is significant that the total loss in 
protein occurs within the first few days and parallels the involution of the 
lymphatic tissue and the extra nitrogen excretion. Furthermore, the loss 
in body protein agrees very well with the nitrogen balance data (1). 
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The extremely high loss of water compared to nitrogen indicates that 
the type of tissue lost is embryonic in nature (6). This was specially true 
during the phase of protein catabolism and loss of lymphatic tissue (1), 
The subsequent reduction is suggestive of a readjustment in internal met- 
abolic processes. An initial extra excretion of sodium and chloride (and 
water) has been noted also in rats (9, 10). It is significant that the tissues 
involved in the so called ‘“‘collagen diseases” are mesenchymal derivatives 
(11) and that these diseases respond rapidly to cortisone administration 
(cf. (12)). 

It is specially noteworthy that during the height of protein catabolism 
fat was being spared. The depletion of the protein stores, however, was 
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10 20 DAY 
Fic. 2. Composition of the changes produced by cortisone acetate in the liver of 
castrated mice. The values represent the differences between the respective values 
of the control and treated mice. See Table II. P = protein, F = fat, W = water, 
WGT = weight. 


accompanied by a progressive mobilization and utilization of the fat de- 
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pots. It is quite likely that if the duration of treatment had been | 


extended, with a resulting depletion of fat stores, vital protein structures 
would be mobilized. On the other hand, a small dose of the corticoid 
would favor a sparing and accumulation of fat, in agreement with the 
reports (13-15) that the adrenal cortex is essential for maintenance of pe- 
ripheral fat. 

The effect of 11-dehydrocorticosterone on the carcass constituents was 


qualitatively the same as that of cortisone acetate, but only about one- | 


twentieth as effective. The amount of fat deposited was quite small com- 
pared to the previous observations (7,8). It seems premature to attribute 
the rdle of fat deposition specifically to 11-dehydrocorticosterone and cor- 
ticosterone and fat catabolism to cortisone until these compounds become 
available for more detailed study. 
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The liver changes are noteworthy, for during the phase of most rapid 
loss in body weight this organ increased all of its constituents. A decrease 
in weight did not occur until the intense protein catabolic phase had ended. 
Furthermore, the loss in fat and water preceded the loss in protein, which 


TABLE III 


Effect of 11-Dehydrocorticosterone on Composition of Carcass of Castrated 
Mice after 7 Days* 











= —— Initial Carcass 
Treatment _ - a naa 

weight Weight | Water | Protein} Fat 
ey  - gm. gm. |per cent|per cent| per cent 

GNGEON 5.5.52 Daal eres 6 20.5 {16.1 (67.7 {18.2 | 8.1 
+0.3} +0.2) +0.6) +0.4] +0.3 

11-Dehydrocorticosteronef......... 3 1.5 | 20.6 |14.0 |63.5 |18.3 |10.6 
+0.2} +0.3) +1.1) +0.1) +0.7 

ee CED ES | 16 0.3 20.8 {15.5 (65.2 |18.4 | 8.8 
+0.3} +0.4) 40.7; 40.4) +0.3 


























* dba mice generously provided by Dr. S. R. Warner, Biological Station, Spring- 
ville, New York. See Table I for statistical treatment of the data. 
+ Provided by Dr. E. C. Kendall. 
t Pellets prepared from an equal mixture of 11-dehydrocorticosterone (synthetic, 
Merck) and cholesterol. 
TaBLe IV 


Effect of 11-Dehydrocorticosterone on Composition of Liver of Castrated 
Mice after 7 Days* 




















Treatment “=! | Weight | Water Proteint Fatt 

Sees ee cl = 
| } mg. | per cent percent | per cent 
TGHGLOR 2 iF oo eee aerate aes | 6 | 841 + 12 | 64.3 + 0.8 18.8 10.50 
11-Dehydrocorticosterone.....| 3 | 818 + 45 | 66.9 + 2.4 19.3 8.39 
a hind 6 | 752 + 11 | 65.2 + 0.5 | 20.3 8.77 





*See Table III for experimental details and Table I for statistical treatment of 
the data. 


+ These analyses were obtained on the pooled samples. 


was not evident until after 21 days. Adrenocorticotropic hormone at 3 
mg. per day for 10 days has been reported (16) to increase the fat and de- 
crease the water and protein of the liver of adult rats. 

At least one tissue, the kidney, did not give up any of its constituents. 
Indeed, anabolism occurred in this organ. 

The increased utilization of fat has now been observed in experiments 
with protein anabolic steroids (4, 17) and growth hormone (4, 18-22) and 
by the protein catabolic steroids (23) and appears after the protein ana- 
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bolic or catabolic phase has worn off and when the dosage is higher than 
the physiological level. Is the extra utilization of fat for energy or to 
provide carbon residues and assist in the reshuffling of endogenous meta- 
bolic materials? It is pertinent that protein anabolic processes in certain 
tissues, accompanied by catabolic processes in other tissues, continue in 
the above experiments without any detection in the nitrogen balance. 
Therefore, it is not surprising to note the growth of implanted tumors 
(24, 10) while the animal is in negative nitrogen balance as a result of 
corticoid stimulation (10). 


TABLE V 


Composition of Changes Produced by 11-Dehydrocorticosterone in Castrated 
Mice after 7 Days* 
































Treatment Tissue Weight Water Protein Fat 

gm. gm. gm. gm. 
11-Dehydrocorticoster- | Carcass | —2.12 | —2.04 | —0.37 | +0.191 
one Liver —0.023 | +0.008 0.000 | —0.019 
Total —2.143 | —2.0382 | —0.37 | +0.172 
11-Dehydrocorticoster- | Carcass —0.92 | —1.02 | —0.13 | +0.035 
one (1:1) Liver —0.089 | —0.05 | —0.005 | —0.022 
Total —1.009 | —1.07 | —0.135 | +0.013 





* See Tables III and IV for experimental details. 


SUMMARY 


Cortisone acetate implanted as a pellet in adult castrated mice stimu- 
lated an immediate and rapid loss in carcass protein during the first 7 days, 
after which no further loss occurred. A parallel but excess loss in water 
occurred, which diminished by the 30th day. The fat was spared during 
the period of intense protein catabolism, but thereafter progressively de- 
creased. The constituents of the liver increased after 2 days and then 
decreased. The constituents of the kidney increased in proportion to the 
increase in weight. 

11-Dehydrocorticosterone was only one-twentieth as effective as cor- 
tisone acetate. 11-Desoxy-17-hydroxycorticosterone acetate had no effect 
on tissue composition. 
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IN BRAIN* 


By EUGENE ROBERTS anp SAM FRANKEL 


(From the Division of Cancer Research, Washington University School of Medicine, 
St. Louis, Missourt) 


(Received for publication, December 26, 1950) 
e 


In previous communications (1-4) the presence of y-aminobutyric acid 
in large amounts in brain was reported, and an enzymatic mechanism for 
the formation of this compound from glutamic acid was found. Similar 
findings were recently made by other workers (5, 6). Our previous study 
of the enzyme (4) revealed it to be a typical decarboxylase, requiring pyri- 
doxal phosphate as a coenzyme. The present report deals with further 
studies of some of the properties of this enzyme. 


EXPERIMENTAL 


All of the studies were carried out by standard Warburg techniques in 
an atmosphere of nitrogen (Linde, 99.9 per cent) at 38°. The methods for 
the preparation of the homogenates and acetone powders were described 
previously (4). All of the reactions were carried out at an initial pH of 
6.3 to 6.4, except in the case of the experiments dealing with the effect of 
pH on enzyme activity. The same pH was attained when the enzyme pre- 
parations were suspended in 0.05 m phosphate buffer at pH 6.2 and the 
substrate was adjusted to 7.0 as when the buffer was at pH 5.9 and the 
substrate at 7.4. Usually the main compartment of the flask contained 
the enzyme preparation in a volume of 2 ml. One side arm contained 0.5 
ml. of substrate solution or distilled water. In several instances in which 
the quantity of material to be added to the flask could not be dissolved in 
0.5 ml., the solid was added directly to the main compartment. The pH 
of solutions of all basic or acidic substances was adjusted so that the pH 

of the incubation mixtures was in the desired range. The other side arm 
| contained 0.5 ml. of 1.2 N H.SO,. This was added to stop the reaction and 
| to liberate bound COs, for which suitable corrections were made. Pyri- 
doxal phosphate and other pyridoxine derivatives were added to the main 
compartments of the flasks. 
Results 


Optimal pH—A suspension of mouse brain acetone powder, containing 
75 mg. of dry powder per ml., was prepared in glass-redistilled water. 1 


* This investigation was supported by a research grant from the National Cancer 
lnstitute, National Institutes of Health, United States Public Health Service, and 
the Charles F. Kettering Foundation. 
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ml. of this preparation was then added to 1 ml. of 0.1 m phosphate buffer 
in the main compartments of the vessels. The buffers ranged in pH from 
5.6 to 7.7. 250 7 of pyridoxal phosphate were added to each flask. After 
equilibration 0.5 ml. of 0.5 m glutamic acid (pH 7.0) was tipped in from 
the side arm. Readings were taken at 10 minute intervals. At the end 
of the reaction period (77 minutes), the acid was tipped in to liberate the 
bound CO. The quantity of bound CO: increased with increasing pH 
of the buffer. In every instance the reaction was of zero order, suggesting 


that the differing rates observed at the different pH values were actually | 
a function of the pH rather than of the rate of destruction of the enzyma- | 
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Fig. 1. Effect of pH on activity of glutamic acid decarboxylase. 75mg. of acetone 
powder per flask; 0.5 ml. of 0.5 m glutamate and 250 y of pyridoxal phosphate added. 

Fig. 2. Reaction velocity as a function of substrate concentration. 75 mg. of 
acetone powder per flask; 250 y of pyridoxal phosphate added. Maximal activity 
of preparation attained at substrate concentration of approximately 0.025 in Fig. 2, 
A. Lineweaver-Burk transformation used to calculate K,, from Fig. 2, B: (S)/v; = 
(S)/Vi + Kn/Vi; Kn is 6.4 X 1073. 


tic activity. Although it was not feasible to measure the pH of the actual 
incubation mixtures used in making the measurements, identical mixtures 
were made separately and the initial pH was measured. 

Fig. 1 shows the decarboxylase activity observed as a function of the 
initial pH of the reaction mixture. The optimal pH was found to be be- 
tween 6.4 and 6.5. The optimal pH for the bacterial glutamic decar- 
boxylase is between 4.5 and 5 (7), for plant glutamic acid decarboxylase 
between 5.3 and 5.9 (8), and for other animal decarboxylases between 7 
and 9 (9). The brain enzyme differs, therefore, from all of the other known 
decarboxylases with regard to its pH optimum. 

Reaction Velocity As Function of Substrate Concentration—Fig. 2 shows 
the results of an experiment in which the activity was measured at pH 63] 
as a function of the substrate concentration. Since the powder contained 
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a small amount of glutamic acid which is acted upon by the enzyme (3, 4), 
the CO» produced in the absence of added substrate was also determined. 
The values for activity were then plotted and the curve extrapolated to 
zero activity. By this method it was estimated that the final concentra- 
tion of glutamic acid contributed by the powder alone was approximately 
0.001 m. This value was then added to that for the glutamic acid contained 
in the different substrate solutions in plotting the final curves. 

Maximal activity of the preparation was attained at a substrate concen- 
tration of approximately 0.025 m. The Michaelis-Menten constant ob- 





ee GLUTAMIC +PP 
e-e GLUTAMIC 

o—0 GLUTAMINE + PP 
o- : GLUTAMINE 


pp 
»—« NO ADDITION 






------- 


---* 


a ee 
Be ar SE -x----4 


Se RR ‘SRE es 


0 20 30 yao Se 50 7 60 70 80 











Fic. 3. Comparison of endogenous CO; ieee by acetone powder with that 
from glutamine and glutamic acid in the presence and absence of pyridoxal phos- 
phate (PP). 75 mg. of acetone powder per flask; 250 y of pyridoxal phosphate; 0.5 
ml. of 0.25 m glutamate or 0.5 ml. of 0.5 m glutamine used. 


tained from the linear plot (Fig. 2, B) of one of the transformations of Line- 
weaver and Burk was found to be 6.4 X 10-* mole per liter. This value 
is in good agreement with that of 5 X 10-* reported for the glutamic acid 
decarboxylase of intact cell preparations of bacteria (7) and 3.6 X 107° 
mole per liter for carrots (8). 

Substrate Specificity—A large number of substances was assayed for CO, 
production with the acetone powder under the standard conditions. The 
only two substances which showed any CO, production above that found 
in the endogenous controls were glutamine and a-ketoglutaric acid. Both 
of these substances are probably active by virtue of their ability to be con- 
verted to glutamic acid. Glutamine can give rise to glutamic acid by the 
action of glutaminase (10). Chromatograms prepared from incubation 
mixtures similar to those employed in the present experiments have shown 
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that the deamidation of glutamine occurs. a-Ketoglutarate can be con- 
verted to glutamic acid anaerobically by reductive amination (11) or by 
transamination (12). The data in Fig. 3 show typical results obtained with 
glutamine as substrate. The level of CO2 production with 0.1 m glutamine 
was considerably lower than that found with glutamic acid at a concen- 
tration of 0.05 mM. The rate of CO, production in the presence of glutamine 
was stimulated by the addition of pyridoxal phosphate in the same manner 
as for glutamic acid. Although there was a slight liberation of CO: when 
a-ketoglutarate was added in high concentrations to the acetone powder, 
the compound itself in a concentration of 0.1 mM inhibited the activity on 
0.05 m glutamic acid to the extent of 75 per cent. 

An experiment was performed in which the activity of the acetone powder 
was tested on the p and tu forms of glutamic acid alone and in mixture to 
determine whether the enzyme is specific for the natural isomer of glutamic 


acid. Not only was the p form inactive, but it also inhibited the action of | 


the enzyme on the t form to the extent of approximately 50 per cent when 
both forms were present in 0.05 m concentration. 

No CO, was liberated by the enzyme from a large number of other sub- 
stances tested in the presence of pyridoxal phosphate. Rates identical 


with those of the endogenous controls were observed with L-tyrosine, | 


DL-a-amino-n-butyric acid, pL-norleucine, sarcosine, L-leucine, glycine, DL- 
isoleucine, L-hydroxyproline, L-asparagine, L-aspartic acid, DL-citrulline, 
taurine, and glutathione. The endogenous rate was depressed slightly by 
L-proline, Du-phenylalanine, pt-methionine, and 8-alanine, and somewhat 


more strongly by pL-serine, y-aminobutyric acid, t-histidine, pt-valine; | 


carbamyl-L-glutamic acid, pui-ornithine, L-lysine, and L-arginine. The en- 
dogenous rate was reduced by 50 per cent or more by L-tryptophan, DL- 


alanine, L-cysteine, pL-threonine, 2,4-dihydroxyphenyl-t-alanine, and | 


L-cystine. The final concentrations of the substances tested were 0.1 M, 
except when the pu forms were used, in which cases the concentrations 
were 0.2 m. In further experiments it was found that several of the sub- 
stances which inhibited the endogenous rate also inhibited the rate of re- 
action in the presence of added glutamic acid when the final concentrations 
of the added substances were 0.1 mM. The following percentage inhibitions 
were observed: histidine 5, lysine 15, arginine 17, ornithine 19, carbamyl- 
L-glutamic acid 26, and cysteine 62. It is planned to investigate further 
the nature of these inhibitions. 

The foregoing experiments show that the glutamic acid decarboxylase 
of brain possesses a high degree of substrate specificity. 

Coenzyme Specificity—In a previous study (4) it was shown that pyr- 
doxal phosphate is a potent activator of the glutamic acid decarboxylase. 
Experiments were performed in which the activity of pyridoxal phosphate 
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in the system was compared with that of a number of other pyridoxine 
derivatives. Pyridoxal phosphate proved to be highly specific as a co- 
enzyme, pyridoxal, pyridoxine, 4-desoxypyridoxine, 4-methoxymethylpy- 
ridoxine, and pyridoxamine being inactive. Pyridoxal and adenosinetri- 
phosphate (ATP) did not accelerate the CO: production, thus showing the 
absence of a system in the acetone powder which can synthesize pyridoxal 
phosphate. Several experiments showed that ATP alone had no effect 
either on the endogenous production of CO: or on enzyme activity in the 
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Fic. 4. Influence of addition of pyridoxal, ATP, and fluoride on the glutamic acid 
decarboxylase activity of homogenates of fresh mouse brain. 500 mg. of fresh brain 


per flask; 2 um of pyridoxal; 4.1 um of ATP; final concentration of added glutamate, 
0.1 m; concentration of NaF, 0.01 m. 


presence of glutamic acid. When ATP was added to systems fully ac- 
tivated by pyridoxal phosphate, there was either no effect or a slight in- 
hibition. The failure of desoxypyridoxine, a pyridoxine antagonist. when 
given to animals (13), to inhibit the enzyme is consonant with the finding 
(14) that bacterial tyrosine decarboxylase is not inhibited by desoxypy- 
ridoxine unless the latter compound is phosphorylated. The desoxypy- 
ridoxine phosphate then competes with pyridoxal phosphate for the apo- 
enzyme. 

The above results show that pyridoxal phosphate is highly specific as a 
coenzyme for glutamic acid decarboxylase of brain. 

Evidence for Synthesis of Pyridoxal Phosphate in Brain—The results 
recorded in Fig. 4 demonstrate that the rate of decarboxylation of glutamic 
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acid is greater when pyridoxal and ATP are added to a homogenate of 
fresh brain in the presence of fluoride than when no additions are made, 
Fluoride, ATP, and pyridoxal were added to the homogenate prior to 
equilibration in Experiments 1 and 2, in which the greatest acceleration of 
CO, production was observed, while in Experiment 3 the pyridoxal and 


ATP were added directly to the homogenate and the fluoride was tipped in | 


with the substrate. Numerous experiments in which pyridoxal alone or 


pyridoxal and ATP were added in the absence of fluoride gave variable | 


results. In some instances activations were observed, while in others 
negative results were obtained. The use of fluoride to inhibit phosphatase 
activity was then suggested to us by Dr. W. W. Umbreit. Phosphatase 


activity could result in the failure to detect synthesis of codecarboxylase | 


by catalyzing the hydrolysis of pyridoxal phosphate at a rate comparable 
with the rate of synthesis or could prevent the formation of the coenzyme 


by destroying the ATP. In view of the specificity of pyridoxal phosphate | 


as an activator of the brain decarboxylase (see the previous section), the 


experiments shown in Fig. 6 could be adduced as evidence for the synthesis | 


of pyridoxal phosphate, providing any special effects of the fluoride ion 
itself could be ruled out. Experiments were performed in which it was 
shown that fluoride has no effect on decarboxylase activity in the absence 
of added substrate and pyridoxal phosphate, in the presence of excess 
glutamic acid with no added pyridoxal phosphate, and in the presence of 
excess substrate and coenzyme. It would, therefore, appear that the ac- 
tivation observed when ATP and pyridoxal are incubated in the presence 
of fluoride is actually a result of coenzyme synthesis. 

With a bacterial tyrosine decarboxylase as a test system it was possible 
to show clearly the synthesis of pyridoxal phosphate both by dry cell pre- 
parations and cell-free extracts of Streptococcus faecalis R (15). Pyridoxal 





or pyridoxamine, together with ATP, was reported to restore partially in | 


vitro the transaminase activity of tissues of pyridoxine-deficient rats (six 
of nine cases) (16), thus indicating the synthesis of pyridoxal phosphate. 
A subsequent report failed to show this reactivation in heart muscle from 


vitamin Be-deficient rats (17). The results of the present experiments, | 


in which the glutamic acid decarboxylase of brain was used as a, test sys- 


tem, indicate that the synthesis of codecarboxylase probably takes place 


in brain. 

Attempts at Purification of Enzyme—The attempts to purify the glutamic 
acid decarboxylase have been unsuccessful to date because of the insolu- 
bility of the enzyme. Efforts are being directed to the development of 
procedures for making the enzyme soluble. 

Comparison of Anaerobic CO, Production from Glutamic Acid by Brain, 
Muscle, Liver, and Kidney—It was of interest to determine whether tis- 
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sues other than brain can produce CO: anaerobically from glutamic acid 
at an appreciable rate. Experiments made with homogenates of freshly 
excised mouse tissue, in which 500 mg. of tissue per flask were incubated in 
the presence of 500 y of pyridoxal phosphate and 0.1 m glutamic acid, re- 
sulted in the following evolution of CO2 (microliters in 80 minutes): brain 
420, muscle 8, liver 25, and kidney 20. Although most of the CO, in the 
case of brain comes from a decarboxylation of glutamic acid (4), it is not 
yet certain that the small amounts of CO, formed by the other tissues arise 
in the same manner. 

These results show that, in addition to an unusually high content of 
y-aminobutyric acid (1-3), brain also has a uniquely high level of the en- 


zyme which forms the y-aminobutyric acid from glutamic acid by decar- 
boxylation. 


DISCUSSION 


The presence of large amounts of y-aminobutyric acid and of a very ac- 
tive enzyme for the formation of this substance from glutamic acid suggests 
that the a decarboxylation of glutamic acid may be a reaction of major 
importance in the metabolism of the central nervous system. Similar 
levels of y-aminobutyric acid or of decarboxylase activity have not yet been 
found in any other tissues examined, although there is some evidence that, 
under certain conditions, small amounts of y-aminobutyric acid may be 
formed (3, 4). 

The quantity of pyridoxal phosphate required to saturate the decar- 
boxylase in our preparations is many times that needed for preparations 
from bacteria possessing comparable activities. This may be because the 
bacterial systems have a much smaller content of extraneous proteins 
which can combine with the coenzyme, because the dissociation constant 
of the brain enzyme-coenzyme complex is much greater, or because there 
is a greater rate of destruction of pyridoxal phosphate in the brain systems. 
A decision as to which of these possibilities is the correct one can only be 
made when more highly purified preparations of the brain enzyme become 
available. 

Since codecarboxylase is a derivative of pyridoxine, it would be expected 
that the activity of this enzyme could be reduced by inducing a pyridoxine- 
deficient state in experimental animals. That this is actually the case will 
be shown in a subsequent report. 


SUMMARY 


1. The pH optimum of brain glutamic acid decarboxylase was found to 
be between 6.4 and 6.5. 
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2. The Michaelis-Menten constant was estimated to be 6.4 X 10-* mole 
per liter. 

3. L-Glutamic acid was the only naturally occurring amino acid attacked 
by the enzyme. p-Glutamic acid and a-ketoglutarate, as well as some of 
the other substances tested, were found to be inhibitory. 

4, Pyridoxal phosphate was highly specific as a coenzyme, pyridoxal, 
pyridoxine, 4-desoxypyridoxine, 4-methoxymethylpyridoxine, and pyridox- 
amine being inactive in the system. 

5. Experiments with the glutamic acid decarboxylase of brain as a test 
system showed that synthesis of codecarboxylase probably takes place 
when pyridoxal and ATP are added to a homogenate of fresh brain in the 
presence of fluoride. 

6. Only very small amounts of CO: were liberated anaerobically from 
glutamic acid by homogenates of muscle, liver, and kidney under the same 
conditions in which brain homogenate exhibited its maximal activity. 


We are indebted to Dr. Dean Davies and Dr. W. W. Umbreit for gifts 
of pyridoxal phosphate, to Dr. David Karnofsky for samples of 4-desoxy- 
pyridoxine and 4-methoxymethylpyridoxine, to Dr. M. 8. Dunn for p-glu- 
tamic acid, and Dr. P. P. Cohen for carbamyl-.-glutamic acid. 
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COLORIMETRIC DETERMINATION OF BLOOD LIPIDES 


By JOSEPH H. BRAGDON 


(From the Experimental Biology and Medicine Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, October 21, 1950) 


In 1947 Bloor (1) showed that his oxidative dichromate method for the 
determination of lipides could be made colorimetric as well as titrimetric. 
The purpose of this communication is to present modifications in the 
Bloor method which increase its accuracy and extend its usefulness in 
the semimicroanalysis of blood fats. 


Procedure 


Extraction—As the oxidation is essentially non-specific, the plasma ex- 
tract must be as free of non-lipide reducing substances as possible. All 
solvents should be tested occasionally for reducing residues remaining 
after evaporation, and redistilled if necessary. Ether should be main- 
tained peroxide-free. The determinations reported here followed a conven- 
tional alcohol-ether extraction and subsequent reextraction in petroleum 
ether. Although Folch and Van Slyke (2) have shown that this procedure 
carries through significant amounts of urea, it has been found that urea, 
even in amounts considerably in excess of what might occur, produces no 
color change in the dichromate reagent. Methods of extraction based on 
primary elution of water-soluble substances (Folch and Van Slyke (3); 
Ahrens') have been used recently and offer definite advantages. 

teagent—20 gm. of KsCr.O;, ¢.p., are powdered in a mortar and added 
slowly with shaking to 1000 ml. of H.SO,, ¢.p. (sp. gr. 1.84) maintained 
at a temperature not exceeding 100°. There should be no undissolved 
residue. If the reagent is protected from contamination and from ex- 
posure to direct sunlight, it darkens only very slowly with age. This 
does not affect the colorimetry, however, as the reagent itself is used as the 
reference blank. The addition of catalysts, including Hg, Pd, and Ag, 
had no effect on the oxidizing power of the reagent. Silver, recommended 
by Bloor (1), should not be used with biological extracts, as the latter may 
contain enough chloride (4) to interfere with the colorimetry. 

Oxidation—In dealing with extracts of normal human plasma, an aliquot 
representing from 0.1 to 0.7 ml. of plasma is transferred to a 25 ml. volu- 
metric flask. The solvent is evaporated under nitrogen (water-pumped) 

‘Ahrens, E. H., Jr., personal communication: the lipides are precipitated with 
the proteins by sodium tungstate, washed, and extracted with alcohol-ether. 
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at a temperature under 60°, and 10 ml. of the reagent are added rather 
promptly. These precautions minimize the opportunity for spontaneous 
oxidation and for loss of lipide by volatilization. The flasks are then 
stoppered, sealed with a drop of reagent, and placed in boiling water for 
30 minutes. Although this digestion time is essential for complete color 
development, heating up to 90 minutes gives identical results, provided 
the blank is similarly treated. The flasks are then cooled in water and 
about 12 ml. of distilled water added. (Caution: The orifice of the flask 
should be pointed away from the operator and mixing accomplished by 
gently rotating the unstoppered flask.) The flasks are restoppered, re- 
cooled, and brought to final volume in a bath at 25°. 
Colorimetry—Spectrophotometric studies showed maximal absorption by 
the reduced chrome ion at 580 to 600 my. Colorimetry is, therefore, per- 
formed with filtered light of predominantly 580 my. As there is some 





| 
| 


| 
| 


slight absorption at this wave-length by the unreduced dichromate, 10 | 


ml. of the reagent, similarly heated and diluted, are used as the reference 
blank. Although all readings have been made in the Evelyn macrocolorim- 
eter, any other photoelectric device permitting comparable depth of solu- 
tion (2 cm.) should be suitable. The color is stable between 15 and 90 
minutes after dilution; thereafter it slowly fades. 

Calibration and Standards—Because in the oxidation reaction each mole- 
cule of K.Cr.O7 that is reduced produces 1 molecule of K2Cre(SO4),, a 
solution of potassium chrome alum, equimolar to the dichromate reagent, 
was made.2 A calibration curve was obtained by mixing varying propor- 
tions of the equimolar chrome alum and dichromate solutions. The solid 
line in Fig. 1 shows the curve obtained when 0.5 to 3.5 ml. of the alum and 
9.5 to 6.5 ml. of the dichromate solutions are mixed, heated, and diluted 


as described above. The densities of the resulting mixtures are plotted | 
against the amount of dichromate that was replaced (0.5 ml. contains 


10 mg. of K;Cr,07). 
Standard solutions of palmitic acid, cholesterol, and cholesterol stearate 


were prepared by dissolving 100 mg. of the test substance, purified by twice | 


recrystallizing from ethanol, in 200 ml. of petroleum ether. Aliquots con- 
taining from 0.5 to 4 mg. were pipetted into 25 ml. volumetric flasks, and 
evaporation, oxidation, and colorimetry were performed as outlined. The 
points in Fig. 1 show the optical densities, obtained from single determina- 
tions, plotted against the amount of K2Cr.O; that should theoretically have 


2 6.7871 gm. of K:Cr2(SO4)4-24H;0, c.p., in 100 ml. of H:SOu, c.p. (sp. gr. 1.84). 
As the alum has a tendency to lose water of crystallization, only purple crystals 
from a freshly opened bottle should be used. Identical results, however, may be 
obtained by leaving the crystals in a vacuum desiccator over CaCl: for a few days, 
after which time 5.3177 gm. of the violet KeCre(SO,)4:12H:0 in 100 ml. of H:S0, 
will make an equimolar solution. 
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been reduced by each of the lipides if oxidation were complete. The fact 
that the curves for all lipides superimpose indicates that oxidation pro- 
ceeded to the same degree in each case. A triglyceride also yielded densi- 
ties that fell on the same line. As the color development is constant with 
different lots of reagents, there is no need for standards once the colorimeter 
has been calibrated. 

The discrepancy between the lipide curves and that obtained with 
the alum solution suggests that oxidation of the former was approximately 
95 per cent complete. The discrepancy is probably caused by the loss 
of some C as CO rather than as CO:. This loss may be reduced by adding 

CALIBRATION ‘CURVES OF 
LIPID STANDARDS 
0.8 T T T T T 
0.7 
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0.4 = 
0.3/- =] 
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0.1 7 








re) 1 1 1 1 | 1 1 
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MGM. POTASSIUM DICHROMATE 
Fig. 1. The quantities of lipides are expressed as mg. of the potassium di 
chromate they would reduce if complete oxidation is assumed. O, palmitic acid 
@, cholesterol; A, cholesterol stearate. The solid line represents the densities 
obtained when the quantities of dichromate in the abscissae are replaced by equi- 
molar quantities of potassium chrome alum. 





water to the reagent, but the digestion time must be prolonged and for 
practical purposes little is gained thereby. 

Bloor (1) achieved approximately 88 per cent oxidation. His failure to 
attain straight line calibration with lipide standards may be explained by 
his use of white light. This, as well as the fact that he was dealing with 
smaller quantities of lipide, compelled him to build a special colorimeter. 

Calculations—In the case of unknowns, the optical density of the final 
mixture is converted into mg. of dichromate reduced by multiplying the 
former by the slope of the calibration curve for lipides. Under conditions 
in this laboratory, as illustrated in Fig. 1, this factor is 109. In the case 
of plasma, the amount reduced per 100 ml. is obtained by multiplying by 
the appropriate dilution factors. This value, representing “total fat,’ is 
of little significance per se, but if the cholesterol and phospholipide content 
of the plasma have been determined on other aliquots of the same ex- 








516 COLORIMETRY OF BLOOD LIPIDES 


tract, then the amount of dichromate theoretically reduced by them per 
100 ml. may be subtracted, and the triglyceride content computed. 

These calculations of the triglyceride content necessitate certain assump- 
tions concerning the chemical structure of the several lipides that exist 
in blood, but, as is evident from Table I, within each lipide fraction con- 
siderable variation in structure is attended by relatively little variation 
in reducing power. In normal human plasma, cholesterol and its esters 
constitute the largest lipide fraction. If we assume that linoleic acid pre- 
dominates in the esters, then the weight of the latter should be 1.68 times 
the weight of the esterified cholesterol. For practical purposes in cal- 


TABLE I| 


Theoretical Dichromate-Reducing Power and Ratio of Molecular Weight to Phosphorus 
of Several Plasma Lipides 














Lipide KiCri01 te 
mg. per mg. lipide 

“ES ECOL Vy 0 0c Ee ea oo 17.60 
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1-Palmityl, 2-oleyl lecithin.....................655 14.87 25.10 
i-Steary];2-oleyl lecithin... 5.0.0.5 cc cee cece 15.09 26.00 
1-Stearyl, 2-oleyl cephalin...................60.00. 15.12 24.06 
PEIN RORY GUN sso. o fecoritaii ries te oct corde be 15.89 26.88 








culating the amount of dichromate reduced by the cholesterol moiety, 
Table I shows that the weights of the cholesterol esters and of the free 
cholesterol may be added and the sum multiplied by 19.1. 

While uncertainties exist as to the composition of plasma phospholipides, 
Hack (5), whose methods appear reliable, reports a distribution in normal 
plasma of approximately 78 per cent lecithins, 17 per cent sphingomyelin, 
and 5 per cent cephalins. As is evident from Table I, multiplying the 
lipide phosphorus by 25 may therefore give values somewhat lower than 
actuality, but the figure has the authority of tradition. Based on Hack’s 
analyses and on the examples listed in Table I, normal plasma phospho- 
lipides should reduce about 15.2 mg. of dichromate per mg. 

The non-steroid, non-phosphorus-containing lipides of the blood are 
generally considered to be triglycerides of relatively saturated fatty acids. 
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er According to Table I, each mg. of mixed triglycerides should therefore 
reduce approximately 17.7 mg. of dichromate. 
p- The actual calculations are best illustrated by an example in which 
ist aliquots of a plasma extract gave the following values in mg. per 100 ml. 
n- of plasma: total cholesterol 158, free cholesterol 44, phospholipide 175, 
on K.Cr.O7 reduced, 11,883. The esterified cholesterol (total minus free) 
ars equals 114 mg. This is equivalent to 114 X 1.68 or 192 mg. of cholesterol 
re- ester, Which, in combination with the free cholesterol, should have reduced 
1es 236 X 19.1, or 4508 mg. of dichromate. The phospholipides should have 
al- | reduced 175 X 15.2, or 2660 mg. This leaves 11,883 — (4508 + 2660) 


or 4715 mg. presumably reduced by the triglycerides. The latter figure is 
equivalent to 4715 + 17.7 or 266 mg. of triglycerides. 





bine In order to evaluate the reliability of the method, all plasma extracts 
ess oxidized in duplicate during the past year were tabulated. There were 
nineteen pairs. Excluding one of these, the deviation from the mean 
= optical density was 0.002 or less, and the average per cent deviation for 
all was 0.37. This is about the limit of accuracy of the colorimeter. Bloor 
(1) claimed an accuracy of about +5 per cent. 
Analyses of plasma lipides from twelve healthy young adults in the 
post-absorptive state gave a mean triglyceride content of 128 mg. per 100 
ml. (s.d. 52). This may be compared with Ahrens’ figures, based on 
twenty samples and obtained with a manometric carbon determination, 
of 113 mg. per 100 ml. (s.d. 41), and with the data of Peters and Man (6) 
obtained by titration of fatty acids, of 88 mg. per 100 ml. (s.d. 43). 
SUMMARY 
A method for the determination of the total lipides of blood, and thus 
| indirectly for the determination of triglycerides, is presented. It is based 
iety, | on oxidation of a suitable extract by a KsCr.0;-H2SO, reagent and the 
free colorimetric determination of the reduced chrome ion. Evidence is pre- 
sented that oxidation of the lipides is 95 per cent complete. The colorim- 
ides, etry gives a straight line calibration curve. 
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ON THE NATURE OF RABBIT LIVER GLYCOGEN* 
II. IODINE ABSORPTION SPECTRUM 


By MAX SCHLAMOWITZ}{ 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


( (Received for publication, November 8, 1950) 


The present investigation is a study of the absorption spectrum given 
by iodine with glycogen. It was undertaken to establish the validity of 
the differences in end-group assay values reported in a previous communi- 
cation (2) for a series of glycogen samples, and to apply the deduced rela- 
tion between glycogen structure and iodine spectrum towards a clarifica- 
tion of the iodine-polysaccharide reaction. 

Quantitative studies on the nature of the reaction of iodine with amylose 
and amylopectin have shown that, while the uptake of iodine by amylose 
is essentially stoichiometric (3, 4), the uptake of iodine by amylopectin 
resembles an adsorption process (3). However, fitting of the experimen- 
tal data to the appropriate adsorption equations was not reported. 

In the equation for an adsorption isotherm the amount of reactant (io- 
dine) adsorbed per unit weight of adsorbent (amylose or amylopectin) is an 
exponential function of the concentration of free reactant. The limiting 
values of the exponent are 0 and 1. For a strongly adsorbing substance 
the value of the exponent approaches 0 and hence adsorption becomes 
essentially independent of the concentration of reactant. Under these cir- 
cumstances adsorption will simulate a stoichiometric chemical reaction. 
| From a consideration of the structures of amylose and amylopectin and of 

their iodine absorption spectra, it would appear that a difference in the 
value of the adsorption exponent is sufficient to account for the stoichi- 
ometry of the reaction of iodine with amylose and the adsorption-like re- 
action with amylopectin. Thus, what appears to be a qualitative differ- 
ence in the reaction of linear and branched polysaccharides with iodine is 
| probably a difference in quantity only. This point is important, inasmuch 
| as it permits us to apply theory and fact, gained largely from a study of 
the linear polysaccharides, to the branched ones, of which the glycogens 
constitute one class. Further support for this view will emerge later in 
the discussion of polysaccharide structure and iodine absorption spectra. 





* Presented in part at a meeting of the Federation of American Societies for 
Experimental Biology at Atlantic City, April, 1950 (1). 


} Present address, Department of Chemistry, The Ohio State University, Colum- 
bus, Ohio. 
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In contrast with the number of studies of the starch-iodine complex, 
there are very few on the reaction between iodine and glycogen. In this 
regard, the low intensity of the color produced in aqueous solution and the 
fact that the definitive light absorption occurs in a region of the spectrum 
where accuracy in measurement is hampered by the large correction which 
must be made for the iodine blank are undoubtedly largely responsible. 
These difficulties were circumvented in the present study by the use of 
ammonium sulfate to intensify the color of the glycogen-iodine complex. 
This action of ammonium sulfate, for which an explanation will be sug- 
gested in the discussion, was first noted by Sumner and Somers (5). 


EXPERIMENTAL 


The absorption spectrum of the glycogen-iodine complex was determined 
under conditions in which the glycogen was in excess, and so the reported 
data on optical density are directly proportional to the molecular extinc- 
tion coefficient for iodine on glycogen. The iodine concentration selected 
was such that absorption spectra for glycogens with very high extinction 
values as well as those with low values could be plotted with accuracy 
under identical conditions. The dependence of iodine color upon the con- 
centration of reactants and temperature has been amply stressed by Morris 
(6). 

Attempts to saturate the glycogen with iodine were unsuccessful. Cor- 
rections for the iodine blank became intolerable before any saturation level 
was reached. Furthermore, the data for the adsorption of iodine on glyco- 
gen under these conditions was found to correspond with Freundlich or 
Langmuir adsorption isotherm equations only at low levels of iodine con- 
centration. 

Glycogen Samples—The glycogen was isolated from the livers of rabbits 
to which carbohydrate was administered either by intravenous infusion, 
by stomach tube, or by diet. The procedures employed for the isolation 
and determination of end-group values of the glycogen preparations are 
described in a previous communication (2). In the present paper the gly- 
cogens will be identified by their carbohydrate source, the mode of admin- 
istration, and the end-group value; e.g., fructose-infused, end-group value 
23. 

Method—To 1.60 ml. of a 0.800 per cent aqueous solution of glycogen 
contained in a 1 cm. cuvette were added 1.60 ml. of a saturated solution 
of ammonium sulfate and 0.040 ml. of a potassium triiodide solution 
(0.125 per cent iodine, 0.250 per cent potassium iodide). The cuvette was 
sealed with Parafilm, its contents mixed, and the absorption spectrum of 
the colored complex plotted with the aid of a Beckman model DU spectro- 
photometer. All measurements were carried out within 20 minutes after 
mixing at 28° + 1°. 
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Several samples were tested repeatedly to insure reproducibility of re- 
sults under these conditions. 

In Fig. | are shown the absorption spectra of the glycogen-iodine com- 
plexes, corrected for light scattering by the glycogen, along with the spec- 
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Fie. 1. Absorption spectra of glycogen-iodine complexes in half saturated am- 
monium sulfate. Curve 1, fructose-infused (23.2 end-group assay value); Curve 2, 
galactose-infused (22.2); Curve 3, fructose-fed (21.°); Curve 4, glucose-infused (22.2); 
Curve 5, galactose-fed (20.1); Curve 6, glucose-fed (20.5); Curve 7, normal (19.4); 
Curve 8, sucrose and carrot (18.°); Curve 9, normal KOH-treated (19.3); Curve 10, 
oyster glycogen (11.°); Curve 11, iodine in half saturated ammonium sulfate. 
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trum of iodine in ammonium sulfate. No correction has been made for 
iodine uncombined with glycogen, inasmuch as under the conditions of 
the experiment there appeared to be no significant amount of residual 
iodine. This was judged qualitatively by the fact that, whereas staining 
of the Parafilm seal by iodine occurred in the blank run, no such staining 
was observed in the tubes containing glycogen, even upon long standing, 
Should a correction for residual iodine properly be made, it may be seen 
from the spectrum of the iodine solution alone and of the rabbit glycogen- 
iodine complexes that the only change in the latter would be a slightly 
lowered extinction value at the point of maximum absorption. The posi- 
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Fig. 2. Absorption spectra of glycogen-iodine and amylopectin-iodine complexes 
in water. Curve I, wheat amylopectin (22.9 end-group assay value); Curve II, 
fructose-infused glycogen (23.2); Curve III, iodine in water. 
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tion of peak absorption would remain virtually unaltered. For the mussel 
glycogen, too, the principal change would be one in the extinction value. 

In Fig. 2 the spectra of the iodine complexes of fructose-infused glycogen 
and of wheat amylopectin, both having end-group values of 23, are com- 
pared. The experiment was carried out in the manner described above, 
except that water was substituted for the ammonium sulfate solution. 
These conditions were selected for two reasons. They permitted the plot- 
ting of both the strongly light-absorbing amylopectin-iodine complex and 
the weakly absorbing glycogen-iodine complex under identical conditions 
of concentration so that an analysis of their differences could be made. 
Further, they permit deductions to be made concerning the action of am- 


monium sulfate from the differences in the spectrum given by fructose- 


infused glycogen in the absence of (Fig. 2) and in the presence of (Fig. 1) 
ammonium sulfate. Also plotted in Fig. 2 is the spectrum of iodine in 
water. 
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Results 


The absorption spectrum of iodine in ammonium sulfate and in water 
(see Figs. 1 and 2) was found to be the same. There is a peak at about 
350 mu and one (not shown in graph) at about 288 my. This fact is im- 
portant, inasmuch as it permits us to assume, in future discussion, that the 
effect of ammonium sulfate on the absorption spectra of the iodine-poly- 
saccharide systems is due to its influence on the adsorbed iodine and not 
on that in free solution. 

From Fig. 1 it may be seen that all the glycogen samples isolated from 
rabbit livers displayed a maximum absorption at about 496 my,! and that 
the optical density at this wave-length was proportional to the end-group 
assay value. Thus, the absorption of the complex given by iodine with 
glycogen from fructose-infused, galactose-infused, and fructose-fed rabbits, 
with end-group assay values of 22 to 23, was greater than that given by 
the complex derived from glycogens with intermediate end-group values 
of 20 to 21 from galactose-fed and glucose-fed rabbits. These in turn 
showed greater absorption than did the complexes formed by the 19 unit 
glycogens from normal rabbits on a stock diet of rabbit pellets or from 
rabbits on a diet of sucrose and carrots. 

The iodine spectrum of a sample of the glycogen from normal rabbits, 
subsequently treated for 2 hours with 30 per cent potassium hydroxide at 
100° and reisolated, differed from the spectrum of the mother substance 
only by a change in optical density. There was no change in the wave- 
length of maximum absorption. The alkali-treated glycogen showed a 
molecular weight about one-third that of the mother substance but about 
equal to that of mussel glycogen (data to be published in later communi- 
cation). This relative independence of the iodine spectrum on particle 
size does not seem to be in accord with the colloid or micelle theory for 
the iodine-polysaccharide reaction (7). 

The spectrum for the complex given by iodine with oyster glycogen con- 
trasts markedly with that given with the glycogens from rabbit liver. 
The iodine in the 11 unit glycogen from oyster absorbs maximally at about 
360 muy. 

In Fig. 2 it is seen that with fructose-infused glycogen in water iodine 
absorbs maximally at about 358 my, while with wheat amylopectin having 
the same end-group assay value it displays a much stronger absorption 


1A second, and much smaller, peak was observed for each of the rabbit liver 
glycogens at about 346 my (in the range of the peak for unadsorbed iodine). The 
extinction value for this peak could not be determined with great accuracy owing 
to the intense scattering of light by the glycogen at the low wave-lengths. For this 
reason it is not included in Fig. 1. 
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and at a much higher wave-length, 580 my. A secondary peak for the 
amylopectin at about 350 my is also present. 


DISCUSSION 


It is the contention of this report that the spectrum of the polysaccha- 
ride-iodine complex is essentially a spectrum of the free iodine molecule, 
and that the changes produced by the polysaccharide on the spectrum of 
iodine in water reflect alterations in the structure of the iodine molecule 
induced by the environment into which it now is adsorbed. 

The iodine molecule is a hybrid, the wave function of whose valence 
bond may be expressed as the contribution of at least three hypothetical 





structures, the non-polarized electrically symmetrical form I-I, and two | 


polarized forms, I*I- and I-I-, in equilibrium (8, 9). The relative con- 
tribution made by these hypothetical forms to the actual structure deter- 


mines the nature of the spectrum of iodine, because the position of the | 


valency electrons, those most apt to influence light absorption, is different 
for the polarized and non-polarized forms. Electron donor substances (ox- 
ygen, sulfur, basic nitrogen) may coordinate with the polarized forms thus, 
D:I+T-, and stabilize them. This stabilization and the resultant displace- 
ment of the equilibrium among the three forms would enhance the relative 
contribution of the polarized form to the actual state of the iodine mole- 
cule. A change in the nature of the absorption spectrum would follow. 

Fairbrother (9) has demonstrated such a polarization of iodine in media 
possessing electron donor properties. The polarization was accompanied 
by a displacement of the absorption peak more and more towards the 
shorter wave-lengths as the electron donor capacity of the media increased. 


An explanation for the particular direction of the spectral shift may | 


perhaps be deduced from the characteristics of the hybrid forms. 

When the iodine is free, the non-polarized of the three extreme hypothet- 
ical forms predominates, and the energy displacement of the critical elec- 
trons from the ground state is minimum. As the contribution of the 
stabilized polarized forms to the total structure increases, there is an in- 





crease in the potential energy of the valency electrons above the ground | 
state. This energy displacement may be equated with hy, where h is | 


Planck’s constant and y the frequency of absorbed light. The greater the 
energy displacement, 7.e. polarization by electron donors, the greater the 
displacement of light absorption towards shorter wave-lengths (higher fre- 
quencies). Conversely, in the absence of electron donors, when polariza- 
tion is minimum, the absorption of light by iodine should be greatest in the 
red region of the spectrum, and the iodine should appear blue or violet. 

The blue or violet color shown by iodine solutions in the presence of 
polysaccharides is considered to represent another instance in which an 
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environment, conducive to the existence of the iodine molecule in its free, 
predominantly non-polar form, is provided. 

The results of the present study as well as those of other workers (11, 
|2), when interpreted from this point of view, are in accord with and sup- 
port the “helix” concept of polysaccharide structure, a concept for which 
there already exists a strong body of evidence (11, 18, 14). This fact may 
perhaps be taken to indicate that the view-point developed has some de- 
gree of validity. 

The helical structure, in which the iodine is most likely adsorbed (13, 
14), and in which hydroxyl groups are oriented outward from the perimeter 
(15), offers an environment for adsorbed iodine which is relatively free of 
electron donor groups. The oxygen atoms of the glucopyranose rings and 
of the glucosidic bonds being essentially in the plane of the “‘shell’’ consti- 
tute an unavoidable but constant electron donor influence. Occluded wa- 
ter,? however, is a variable electron donor influence. As the number of 
turns in a helix is increased, there is a corresponding increase in the hydro- 
phobic nature of its core, and hence the occlusion of water, or other hydro- 
philic substances, into it would be lessened. Consequently, with increas- 
ing chain length (helix length) of the polysaccharide, or unbranched portion 
thereof, there would be not only an increase in the total amount of iodine 
adsorbed, but also the state of the adsorbed iodine in this non-donor envi- 
ronment would be represented more and more by the free, predominantly 
non-polarized form of the molecule. 

In terms of iodine-combining characteristics, it means that for short 
chain polysaccharides, in which the iodine binding is weak, the process will 
be represented by adsorption isotherms, while for the long chain polysac- 
charides, in which the binding of iodine is strong, the process will approach 
a stoichiometric one. The studies previously cited on the differences in 
iodine uptake between amylose and amylopectin (3) seem to bear this 
out. Further, the observation made in the present study, that deviations 
from adsorption isotherm equations appear with increasing concentrations 
of iodine, is in accord with what could be expected of a branched polysac- 
charide (glycogen) whose branches are not all of uniform length. Under 
these conditions the participation of the shorter and shorter chains in the 
adsorption process becomes more and more appreciable as the iodine level 


* This extension of Fairbrother’s work (9) to the reaction of iodine with poly- 
saccharides makes it appear that the importance of electrostatic fields in causing the 
spectral changes (10) is overemphasized. The electron donor capacity rather than 
the dielectric constant of the medium correlates best with the spectral changes 
observed. 

’ By occluded water is meant that water from the medium which is trapped in 
or penetrates into the core of the helix. 
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is raised. The adsorption can then no longer be defined by the classical 
equations which imply a single adsorbing species. 

In terms of spectrum characteristics, the stronger adsorption of iodine 
by long chains would be reflected by higher extinction coefficients of the 
absorption spectrum peak. Further, since the free, non-polar form of ad- 
sorbed iodine is considered to predominate more and more as chain length 
increases, there would be a displacement of the absorption peak towards 
higher wave-lengths. Such a correlation between chain length and spec- 


tral characteristics is found in the results of the present investigation as 


well as in the work of others (11, 12). 


From the work with glycogen, it can be seen (Fig. 1) that the extinction 
coefficient and wave-length of maximum absorption are lower for the 11 | 


unit glycogen than for the 19 to 23 unit group. Similarly, the increase in 
extinction value with increasing end-group assay value in the 19 to 23 


unit group of liver glycogens may be assigned to the increase in the length | 


of the unbranched portions of the chain, those capable of helix formation. 
Considerably more work is required, however, to explain the fact that all 
the glycogens in this group showed the same wave-length of maximum 
absorption. Of interest in this connection would be a study of liver gly- 
cogens with end-group values in the range 12 to 18, derived from the same 
animal species. 

That the relationships between iodine spectrum and polysaccharide 
structure, discussed thus far, are in some measure valid is further suppor- 
ted by the results of the spectra given by liver glycogen from fructose- 
infused rabbits in the presence of ammonium sulfate (Fig. 1) and in its 
absence (Fig. 2). A comparison of the two spectra shows that ammonium 


sulfate effected not only an intensification of the iodine color but also a | 


displacement of the peak towards the longer wave-lengths. According to 
the relationships discussed, these spectral changes would result if the hy- 
drophobic nature of the core of a given helix and its freedom from electron 
donor substances were enhanced. The dehydrating action of ammonium 
sulfate, well known from protein studies, could accomplish precisely these 
effects by depleting the core of occluded water. In accord then with the 
experimentally observed facts, there would result this stronger adsorption 
of iodine and the displacement of the absorption peak towards the higher 
wave-lengths. 

The principles relating iodine color with polysaccharide structure, which 
have been discussed, should apply to both glycogen and amylopectin. 
However, it should not be expected that quantitative data obtained for 
two classes will be interchangeable. A case in point is the difference in 
the spectrum produced by amylopectin from wheat and by glycogen from 
the livers of fructose-infused rabbits (Fig. 2), although both have the same 
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end-group value, 23. From the differences in the relative viscosities ob- 
served for these two classes of branched polysaccharides it is clear that 
amylopectins exhibit a far greater degree of structural asymmetry than do 
the glycogens. These differences, whether of the micelle or molecule, re- 
flect differences on a molecular level, differences perhaps in distribution 
of the hexose units of a chain between the inner and outer segments, or 
differences in basic arrangement of the chains, 7.e. “bush” versus “lami- 
nated” structure. Either of these differences in structure would be reflec- 
ted by differences in the iodine absorption spectra but not by end-group 
assays. ‘The differences in the spectra for glycogen and amylopectin (Fig. 
2), of equivalent end-group values are considered to reflect such differences 
in structure between the two classes of polysaccharides. 


SUMMARY 


Studies have been made of the absorption spectrum of the glycogen- 
iodine complex. 

1. It is concluded that the spectrum is essentially that of iodine, and 
that the alteration of the iodine spectrum by polysaccharides is due to a 
change in the state of the Iz molecule, brought about by the new environ- 
ment. 


2. The helix concept for polysaccharide structure appears to satisfy the 
conditions necessary for the change in state of the I, molecule. 

3. A mechanism for the observed influence of ammonium sulfate upon 
the absorption spectrum of the glycogen-iodine complex is suggested. 
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THE ULTRAVIOLET AND VISIBLE ABSORPTION SPECTRA OF 
CYPRIDINA LUCIFERIN SOLUTIONS* 
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The luminous Japanese ostracod crustacean, Cypridina hilgendorfii, pro- 
duces its light externally by ejecting into the sea water two kinds of gran- 
ules containing, respectively, the substrate of the reaction and the catalyz- 
ing enzyme (10). If the animals are dried immediately after being 
collected, these two substances, luciferin and luciferase, remain stable prac- 
tically indefinitely and can be separately extracted. 

Anderson (2) has achieved a considerable degree of purification of Cypri- 
dina luciferin. Neutral, aqueous solutions, purified by his method and 
measured with the Hardy recording spectrophotometer (9) in the visible 
region of the spectrum, have been shown to have a broad absorption band 
centered at about 435 my (5). During exposure to air, or during the lumi- 
nescent reaction, this band is replaced by one at about 465 my and, after 
prolonged standing (or rapidly if the luminescent reaction is occurring), 
the solution then becomes colorless. 

ixploratory ultraviolet absorption spectra of neutral, aqueous luciferin 
solutions (5) have been interpreted as indicating the possible presence of a 
naphthohydroquinone nucleus for the luciferin molecule. 

Kluyver, van der Kerk, and van der Burg (12) calculated an absorption 
spectrum for the presumed! luciferin of luminous bacteria from measure- 
ments of the photochemical inhibition of the luminescence of Photobac- 
lerium phosphoreum. They, also, interpreted their data in terms of a 
naphthohydroquinone nucleus for bacterial luciferin. Spruit (14) suggests 
certain modifications of their interpretation and presents visible and ultra- 
violet absorption spectra of a number of synthesized compounds having 
structures closely related to that suggested for luciferin (15, 16). 

Anderson proposed that Cypridina luciferin might be a polyhydroxy 


*This work was supported in part by an institutional grant for fundamental re- 
search from the New Jersey Section of the American Cancer Society to the Depart- 
ment of Biology of Princeton University, and in part by funds of the Eugene Higgins 
Trust allocated to Princeton University. 

‘Neither luciferin nor luciferase has as yet been obtained from luminous bac- 
teria, although there is general agreement that substances analogous to those which 
have been extracted from Cypridina are present in the bacterial cell. 
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benzene derivative on the basis of its oxidation-reduction potential (3), 
and Chakravorty and Ballentine (4) postulated a somewhat similar skel- 
etal structure with a specific ketohydroxy side chain from a consideration 
of certain other chemical properties. 

These hypotheses concerning the structure of luciferin depend to a con- 
siderable extent upon its ultraviolet absorption spectrum. It was, there- 
fore, deemed desirable to determine the ultraviolet spectrum more 
precisely and these new measurements are presente: in the present paper. 


Procedure 


The luciferin used in this work was extracted from dry, powdered Cy- 
pridina organisms and carried through two cycles of purification by 
Anderson’s procedure (2). The final product, in n-butyl alcohol, was 
stored under hydrogen to prevent loss by spontaneous oxidation. To dis- 
solve the luciferin in another solvent the butanol was removed with a 
vacuum pump and the desired solvent added to the dry residue, which 
was sometimes washed first with benzene followed by ether. The final 
solutions contained, per ml., about 0.02 mg. of dry material, as extracted 
and purified. Phosphate buffer, 0.067 m, pH 6.8, and methanol contain- 
ing 5 per cent acetic acid were used as solvents in the present work. The 
absorption spectrum of Cypridina luciferin solutions is unstable in the 
presence of air (6). This complicated the measurements which, made 
with a Beckman ultraviolet spectrophotometer, required about half an 
hour for a spectrum extending from 220 to 520 mu. (No significant ab- 
sorption was found above this upper limit.) Frequent check measure- 
ments at selected wave-lengths showed no significant change during half 
an hour. Quartz absorption cells were used, of 1 cm. optical depth, re- 
quiring about 3.5 ml. of solution. 

In Figs. 1 to 3 absorption is expressed as extinction (logio of the recip- 
rocal of the transmission) or as logio of the extinction. 


Results 


Fig. 1 shows the absorption spectrum of the purest solution of Cypridina 
luciferin which we have obtained. The residue from the butanol solution 
was first washed with benzene, followed by ether, and then dissolved in 
0.067 m phosphate buffer, pH 6.8. The visible portion of the spectrum 
is the same as that reported earlier (5), showing an absorption band at 
about 435 my. In the ultraviolet there is a sharp band at about 265 m 
and a shoulder at about 310 mz. 

Although relatively stable during the period of measurement, the spec: 
trum changes slowly at this pH and Fig. 1 also shows absorption spectr 
of this same solution after exposure to air for the times indicated. The 
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visible band is replaced by one at about 465 my which ultimately disap- 
pears, as reported earlier (5). The band and shoulder in the ultraviolet 
decrease without undergoing any change in position and are still very 
pronounced when the spectrum has become stable. 

Simultaneously with the decrease in extinction at 265 my, a new band 
appears at about 365 my. In the lowermost curve of Fig. 1, measured 
after 70 hours, this new band at 365 my has largely disappeared. This 
final spectrum is probably not significant because of possible secondary 
changes (perhaps from the metabolic effects of contaminating bacteria). 

It is important to determine whether the decrease in extinction at 265 
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Fic. 1. Absorption spectra of a luciferin solution measured after exposure to air 
for the time intervals indicated. The solvent is 0.067 m phosphate buffer of pH 6.8. 
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mu represents the gradual loss of reduced luciferin which, as Anderson (3) 
showed, is spontaneously oxidized without light emission. We therefore 
prepared two identical solutions of luciferin in similar absorption cells. 
On one we measured the decrease of the reduced luciferin with time, using 
the photoelectric method described by Anderson (1), and on the other we 
simultaneously determined the extinction at 265 mu. If this absorption 
band is a property of reduced luciferin, its change during exposure to air 
should occur at the same rate that the luciferin capable of giving light 
with luciferase disappears from the solution. This was indeed the case, 
as shown in Fig. 2. The upper set of points represents the logarithm of 
reduced luciferin remaining in the solution plotted against time of expo- 
sure to air. The lower set shows the logarithm of the difference between 
the extinction at 265 mu at any particular time and the stable extinction 
value finally reached. The almost identical slope of these lines indicates 
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the same velocity constant for both of these processes. Although this 
experiment does not prove that the labile absorption at 265 muy is a prop- 
erty of reduced luciferin, it certainly supports such a conclusion. 

The appearance of the new absorption band at about 365 muy also ap. 
pears to be correlated, at least qualitatively, with the oxidation of 
luciferin. 
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Fic. 2. Comparison of the rate of decrease of reduced luciferin and the rate of 
change of the extinction at 265 my during exposure to air. The luminescence and 
extinction measurements were made at the same time on two identically prepared 
solutions of luciferin in phosphate buffer, pH 6.8. The upper set of points shows 
the logarithm of the reduced luciferin remaining, plotted against time of exposure 
to air. The lower symbols represent the logarithm of the difference between the 
extinction at any particular time and its final, stable value. It is apparent that the 
rates are essentially the same for both processes, indicating that the 265 my absorp- 

tion band may be a property of reduced luciferin. 


DISCUSSION 


As already stated, several investigators have suggested that luciferin 
may have a benzo- or naphthohydroquinone nucleus as an essential part 
of its molecule. The subject has been reviewed by Chase (7) and, most 
recently, by Spruit (14). Spruit concludes that bacterial luciferin, and 
also perhaps that from Cypridina, may be closely related to 1,4-naph- 
thohydroquinone-2-hydroxymethyl ketone. Presumably the reversible, 
non-luminescent oxidation of luciferin (3) might be associated with the 
oxidation of this hydroquinone derivative to the corresponding quinone. 

Spruit (14) presents the absorption spectra of 1,4-naphthohydroqui- 
none-2-methyl ketone and of its quinone form, and his measurements in- 
dicate a similarity to the spectra of the luciferin solution in Fig. 1. His 
quinone shows a decreased extinction, as compared with the hydroqui- 
none, at about 265 my and in the visible region of the spectrum, but an 
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increased extinction in the long wave ultraviolet region. According to 
Spruit’s measurements, such changes seem to be rather common for com- 
pounds of this sort, and may indicate that Cypridina luciferin is of this 
general nature. 

The replacement of the absorption band at 435 my by that at 465 mu 
and the subsequent disappearance of the latter have no parallel in Spruit’s 
measurements, and may represent a second labile compound in the luci- 
ferin solution? if luciferin possesses the type of structure postulated. 

Since most of Spruit’s absorption spectra were measured in methanol 
or menthanol containing 5 per cent acetic acid, we also measured Cy- 
pridina luciferin in the latter solvent. Fig. 3 shows several absorption 
spectra plotted on an arbitrary log extinction axis in order to cancel ab- 
solute concentration differences and facilitate comparison. 

In Fig. 3, Curve 1 is the absorption spectrum of a methanol-acetic acid 
solution of luciferin, while Curve 2 is the initial spectrum of Fig. 1 (pH 
6.8 phosphate buffer as solvent). The two spectra are very nearly the 
same, and are not, therefore, affected by the difference in solvents. 

Curve 3 of Fig. 3 is the spectrum of 3-hydroxy-1 ,4-naphthohydroqui- 
none-2-methyl ketone in methanol, prepared and measured by Spruit (15). 
Of all the spectra published by Spruit, this one seemed most to resemble 
qualitatively that of reduced Cypridina luciferin, although the ratios of 
the extinction at 265 my to that in the visible region are not in good 
agreement. 

Dr. D. R. Rexford of the Department of Chemistry, Princeton Uni- 
versity, very kindly prepared for us the quinone corresponding to 3-hy- 
droxy-1 ,4-naphthohydroquinone-2-methyl ketone and we have measured 
its absorption spectrum in 0.067 m phosphate buffer, pH 6.8, for compari- 
son with the spectra of Cypridina luciferin during spontaneous oxidation 


2The decrease in extinction of the luciferin solution at 265 my and the simul- 
taneous increase at 365 my during exposure to air are reminiscent of the changes in 
the absorption spectra of diphospho- and triphosphopyridine nucleotides upon reduc- 
tion of the oxidized forms of these coenzymes. It is conceivable, although not likely, 
that the oxidation of luciferin might involve the simultaneous reduction of a co- 
enzyme, present with it in the solution, which would therefore contribute to the 
changes shown by the absorption spectra of Fig. 1. Among the difficulties in such 
an interpretation are the position of the absorption band at 365 my (since the cor- 
responding band for these coenzymes is at 340 my) and the almost certain absence 
from a purified luciferin solution of active dehydrogenase enzyme. However, if 
such a mechanism were assumed, the decrease in absorption of the 365 my band, 
shown in the final spectrum of Fig. 1, might represent the ultimate reoxidation of the 
coenzyme after all the luciferin had been itself oxidized. Johnson and Eyring (11) 


suggested earlier that the luciferin molecule might be, or might contain, coenzyme 
lor II. 








534 ABSORPTION SPECTRUM OF LUCIFERIN 


in the same solvent. It might be expected that if this oxidation involves 
the formation of a quinone from a hydroquinone and if reduced luciferin 
is closely related to 3-hydroxy-1 ,4-naphthohydroquinone-2-methy] ketone, 
the absorption spectrum of luciferin should at some time during exposure 
to air resemble that of the naphthoquinone derivative. In Fig. 3, Curves 
4, 5, and 6 show selected absorption spectra from Fig. 1. Curve 7 is the 
absorption spectrum of the compound prepared by Rexford, 3-hydroxy- 
1 ,4-naphthoquinone-2-methyl ketone. Evidently none of the absorption 
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Fig. 3. Curve 1 is the absorption spectrum of luciferin in methanol contain- 
ing 5 per cent acetic acid, Curve 2 that of luciferin in phosphate buffer at pH 6.8, 
and Curve 3 that of 3-hydroxy-1,4-naphthohydroquinone-2-methy] ketone in metha- 
nol. Curves 4, 5, and 6 are the spectra of luciferin in phosphate buffer at pH 68, 
measured successively during exposure of the solution to air, and Curve 7 is that of 
3-hydroxy-1,4-naphthoquinone-2-methyl ketone in the same solvent. The data, 
plotted as log extinction, have been shifted vertically for comparison. 


spectra obtained during exposure of the luciferin solution to air correspond 
with that of the synthesized naphthoquinone derivative, which is, further- 
more, quite stable under these conditions. In our opinion, therefore, 3- 
hydroxy-1 ,4-naphthohydroquinone-2-methyl ketone is not closely related 
to reduced luciferin, unless the mechanism of non-luminescent oxidation 
of luciferin is very different from that which has been assumed. Since 
substituents on an aromatic ring of this sort can considerably affect the 
absorption spectrum, our observation by no means negates the possibility, 
suggested by so many investigators, that Cypridina luciferin may still be 
some naphthohydroquinone derivative. However, one reason for as- 
suming that it is this type of compound was a report by Chakravorty and 
Ballentine (4) that luciferin, purified by Anderson’s method, contained no 
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nitrogen. Chase and Gregg (8) have since found about 8 per cent nitro- 
gen to be present. Since the degree of purity of the product from the 
extraction procedure is not known, this does not mean that Cypridina 
luciferin necessarily contains nitrogen, but nitrogen has certainly not been 
proved absent. If present, it is no longer possible to restrict luciferin to 
a limited class of compounds. Certainly, evidence is accumulating that 
the ‘‘luciferins” from different luminous organisms may be quite different 
chemically .* 

While it is still possible that the luciferin of Cypridina may be a poly- 
hydroxy benzene or naphthalene derivative with some specific side chain 
(or chains), the evidence for such a structure seems less convincing than 
it was. Other types of compounds, including those which contain ni- 
trogen, should also be considered in the search for the structure of 
Cypridina luciferin. 


SUMMARY 


The absorption spectra of partially purified luciferin solutions from the 
luminous crustacean, Cypridina hilgendorfii, were measured from 230 to 
520 my with the Beckman ultraviolet spectrophotometer. 

The spectrum is unstable in the presence of air. Immediately upon 
dissolving the luciferin in phosphate buffer at pH 6.8, a sharp maximum 
is found at 265 my, a shoulder at 310 my, and a broad maximum at 435 
mu. During exposure of the solution to air the extinction at 265 my de- 
creases by about one-third to a stable value, while, simultaneously, a new 
maximum appears at 365 mu and the 435 my band is replaced temporarily 
by one centering at 470 my, which subsequently disappears. It is un- 
certain whether one or more than one labile compound is responsible for 
these changes in the spectrum. 

The rate of decrease of the extinction at 265 my is quantitatively equal 
to the rate of loss from the solution of luciferin capable of giving lumines- 
cence with luciferase. The appearance of the new band at 365 my is also 
correlated with loss of luciferin from the solution. 

The initial spectrum of luciferin in methanol containing 5 per cent acetic 
acid is not significantly different from that in phosphate buffer, pH 6.8. 

A comparison of these absorption spectra with those of certain naph- 
thoquinone and naphthohydroquinone derivatives synthesized and meas- 


wed by Spruit (14-16) shows qualitative but not quantitative similarities 
to some of them. 


*The “luciferin” extracted and partially purified from the firefly (17), in which 
McElroy (13) has shown that adenosinetriphosphate may be involved in the lumi- 
hescent reaction, seems to have quite different chemical properties than has that of 
Cypridina and may not be a closely related compound. 
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It is concluded from these measurements and from certain chemical 
data on luciferin (e.g., the possible presence of nitrogen in the molecule) 
that Cypridina luciferin, while it may be a naphthohydroquinone deriva- 
tive, should not be considered as necessarily belonging to this class of 
compounds. 
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STUDIES ON HYALURONIC ACID AND RELATED 
SUBSTANCES 


IV. PERIODATE OXIDATION* 


By ROGER W. JEANLOZ{ anp ENRICO FORCHIELLIt 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, and the 
Department of Physiology, Tufts College Medical School, Boston, Massachusetts) 


(Received for publication, October 19, 1950) 


Hyaluronic acid, isolated from human umbilical cords, has been shown 
by Meyer and Palmer (2) to be composed of p-glucosamine and p-glu- 
curonic acid in equimolecular proportion; recently, Kaye and Stacey (3) 
have confirmed these results, using a different method. 

Periodate oxidation has been applied to amino sugars (4) and to poly- 
saccharides containing amino sugars (5) under definite conditions, allow- 
ing valid conclusions regarding their chemical structures to be drawn. 
The same method has now been applied to various fractions of hyaluronic 
acid isolated from human umbilical cords (6) and, furthermore, the in- 
fluences of changes in temperature and pH were also studied. The prod- 
uct resulting from the periodate oxidation was isolated and analyzed. 
The hyaluronic acid was then partially deacetylated and submitted to 
periodate oxidation. 

The data obtained from these oxidations eliminate various possibilities 
for the structure of hyaluronic acid and form a basis for a more complete 
elucidation by other methods. 


EXPERIMENTAL 


The various fractions of hyaluronate isolated from human umbilical 
cords have been previously described .(6) and the same reference numbers 
and letters will be used. 

Periodate Oxidation—3.0 ml. of 0.45 m sodium metaperiodate or periodic 
acid were added to 200 mg. of hyaluronate. The pH was adjusted by 
addition of 0.2 m sodium bicarbonate or of various mixtures of acetic acid 
and sodium acetate, as described previously (4, 5). The mixture was 
diluted to 100 ml. and allowed to stand in the dark at varying tempera- 
tures. A blank assay was carried out under similar conditions. 

* Preliminary communication (1). 


} Present address, Medical Clinic of the Massachusetts General Hospital, Boston 
14, 


{ This investigation was aided by a grant from G. D. Searle and Company. 
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The amount of periodate consumed was determined by a difference in 
values between 10 ml. aliquots of the oxidation solution and the blank, 
treated according to the method described by Jackson (7, 4, 5) with 0.04 
N iodine. The results, calculated in moles of periodate consumed per 
repeating unit (i.e. 1 molecule of N-acetylglucosamine and 1 molecule of 
sodium glucuronate, less 2 molecules of water), are reported in Figs. 1 
and 3. 

Determination of the formic acid produced was carried out after oxida- 
tion at 5° of 200 mg. of hyaluronate with 50.0 ml. of 0.1 m sodium meta- 
periodate in the presence of 0.75 gm. of sodium chloride, according to 
Potter and Hassid (8). After treatment with ethylene glycol, the titra- 
tion was performed with 0.016 N sodium hydroxide in the presence of 
methyl red, instead of using barium hydroxide (9). The results, expressed 
in moles of formic acid per repeating unit, are reported in Fig. 3. 

Isolation of Hyaluronate Oxidized with Periodate—In an attempt to lo- 
cate the position of oxidation after several days of contact at 25° and pH 
4.6, 450 mg. of Hyaluronate I were dissolved in 20 ml. of buffer (2 m acetic 
acid-sodium acetate 1:1), 800 mg. of sodium metaperiodate were added, 
and the mixture, diluted to 50 ml., was allowed to stand in the dark at 
25°. After 7 days, the solution was dialyzed against running tap water 
for 24 hours, then against frequent changes of distilled water for 48 hours. 
A small precipitate which formed after a few hours was removed by cen- 
trifugation and the residual solution, no longer viscous, was lyophilized, 
yielding 270 mg. of white amorphous substance. 


Analysis—N (Kjeldahl) 4.0, 4.2, acetyl 12.1, 12.2, ash 14.5 


120 mg. of oxidized hyaluronate were dissolved in 20 ml. of water and| 


passed through a column of Dowex-50, which was further washed with 
several portions of distilled water. A part of the solution was lyophilized 
and found to contain no ash. To the remainder, which contained 483 
mg. of substance in 40 ml., were added 10 ml. of 2 N sodium bromide. 
The mixture was titrated with 0.016 N sodium hydroxide with glass and 
calomel electrodes in the Beckman model G pH meter. 19.4 ml. of so 
dium hydroxide were used, indicating a neutral equivalent of 155. 
Iodine Oxidation of Hyaluronate—300 mg. of lyophilized Hyaluronate Y 
were dissolved in a mixture of 15 mg. of 0.2 m sodium bicarbonate and 1i 
ml. of 0.2 m sodium carbonate. 5 ml. of 0.384 N iodine were added and 
the mixture, diluted to 50 ml., was kept in the dark at 5°. A blank assay 
was carried out under similar conditions. Titrations were performed on 
25 ml. aliquots with 0.04 N sodium thiosulfate, after acidification with 
an excess of 5 N sulfuric acid. After 3 hours 0.30 ml. and after 24 hour 


0.40 ml. of iodine were consumed, indicating the presence of one aldehyde 
£5° (C 


group per chain, possessing a molecular weight of 18,000 to 24,000. 
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nee in} Deacetylation of Hyaluronate—0.8 gm. of Hyaluronate VII dissolved in 
blank, | 40 ml. of 5 n sodium hydroxide was heated at 80° for 1 hour. The dark 
h 0.04} orange solution was cooled, slightly acidified with acetic acid, and poured 
d per! jnto 1 liter of ethanol. The precipitate was repeatedly washed with eth- 
ule of anol and then with ether, with centrifugation at each step; 130 mg. of 
‘igs. 1 partially deacetylated sodium hyaluronate were secured. 





: y, is—N (Kjeldahl) 3.8, 16. 
oud. Analysis (Kjeldahl) acetyl 6.2 


meta-| The alcoholic washings were dialyzed, and, after lyophilization, 14 mg. 
ling to| containing 1.9 per cent acetyl were obtained. 
» titra-|  Periodate Oxidation of Partially Deacetylated Hyaluronate—To a solution 
nee of, of 57.3 mg. of the above product in 5 ml. of buffer (2 m acetic acid-sodium 
pressed | acetate 1:1, pH 4.6), 1.5 ml. of 0.45 m sodium metaperiodate were added 
and the mixture, diluted to 25 ml., was kept in the dark at 5°. Deter- 
, to lo-| mination of the amount of periodate used was carried out on aliquots of 
und pH 5 ml. from the oxidation solution and from a blank under similar con- 
1 acetic| ditions (7, 4, 5). The results, calculated in moles of periodate per repeat- 
added,| ing unit, are reported in Fig. 4. 
Jark at} 30.2 mg. dissolved in 5 ml. of 0.09 m sodium metaperiodate were left at 
> water room temperature. 1 ml. aliquots were introduced in the Markham ap- 
hours. paratus and treated with steam in the presence of 2 ml. of a 5 per cent 
by cen- suspension of magnesium oxide; the ammonia, after steam distillation, 
yhilized, was titrated as previously described (4, 5). After oxidation for 40 min- 
utes, 7 hours, and 30 hours, no ammonia was found. The theoretical 
amount which can be liberated is 155 y and the method allows the deter- 
mination of a minimum amount of 5 to 10 y. 
ter and} Periodate Oxidation of Starch—Since a possibility exists that the con- 
ed with} ditions used in the periodate oxidation of amino sugars are not valid for 
philized) polysaccharides, a similar study of the influence of temperature and pH 
ed 48.3 was done on corn-starch. The conditions used were identical to those 
promide ysed in the periodate oxidation of hyaluronic acid, with the exception that 





lass and) the concentration of starch was half the concentration of hyaluronate. 
. of 80+} The results, calculated in moles of periodate consumed per mole of an- 
D. hydroglucose, are reported in Fig. 2. 

ronate V 

e and 15 DISCUSSION 

ided and 


The influence of various conditions on the amount of periodate con- 
sumed was studied on Hyaluronate I, which contains 20 per cent impu- 
med ot} tities as polysaccharide sulfate (Fig. 1). At the same pH, variation of 
ion with} temperature produced considerable effect (Curves I, III and Curves II, 
24 hour) IV, V, Fig. 1). The influence of the variations of pH and concentration 
aldehy¢} of oxidant, still evident at 25° (Curves III, IV, VI, Fig. 1), disappears at 
0. 5° (Curve V). Similar data have been obtained with amino sugars and 
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other polysaccharides (10, 4, 5) and explain the amount of oxidant found | dro 
by Jorpes, Werner, and Aberg (11). Similar variations of conditions were | 5° 
applied to the periodate oxidation of starch (Fig. 2); the theoretical | 4+ ¢ 
amount of oxidant, z.e. 1 mole of periodate reduced by 1 unit of anhy- | oxic 
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droglucose, was consumed at the same rate at pH 4.5 whether at 25° or 
5°, whereas the overoxidation, which takes place at a pH higher than 6 
at 25°, was suppressed at 5°. The data indicate clearly that the periodate 
oxidation of polysaccharides at low temperature (5°) at a pH between 4 
and 5 is more likely to give the most correct interpretation. 

Periodate oxidation under these definite conditions was applied to var- 
ious hyaluronates isolated from human umbilical cords (Fig. 3). Hy- 
aluronates Is and VIg consumed a larger amount of oxidant, which is 
probably due to their high content of polysaccharide sulfate. The latter 
can be oxidized in the internal part of the chain, or, more probably, as 


MOLES PERIODATE CONSUMED 
MOLES FORMIC ACID PRODUCED 


0.8|. HYALURONATES Is0,IVg@ Vg 9,VIgo, 
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Fig. 3. Periodate oxidation at 5° and pH 4.5 of Hyaluronates Is, IVs, Vs, VIs, 
VIIs, V lyophilized in dilute state, and Hyaluronate VII heated previously at 100° 
for 1 hour (solid line). Liberation of formic acid after periodate oxidation deter- 
mined on Hyaluronate VIIs (dash line). Moles of periodate consumed and of formic 
acid produced per repeating unit. 


its molecular weight is much smaller, the oxidation of the extremities of 
the chain is predominant. Hyaluronates IVs, Vs, and VIIs, prepared by 
different methods, but possessing the same purity, consumed an identical 
amount of periodate, which can be estimated at 0.1 to 0.2 mole per repeat- 
ing unit. The amount of formic acid liberated is 0.08 mole per repeating 
unit.! Oxidation of pure non-viscous hyaluronate, obtained by lyophili- 


1The very slow, but endless uptake of periodate, with concurrent liberation of 
formic acid, after the first fast oxidation, is probably partially caused by the total 
oxidation of the non-reducing end of the chain, as was shown for the bornyl glucu- 
ronide by Huebner et al. (12). The formic ester created on the glucosamine unit, 
which forms the new end of the chain, is then slowly hydrolyzed (9, 18, 14), liberat- 
ing a free a-glycol, which in turn is oxidized; however, no production of free iodine, 
as indicated by Halsall et al. (13) was observed. The large variations in uptake of 


oxidant, when pH and temperature are increased, indicate that other paths of oxida- 
tion are also present. 
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zation or heating, indicates that no chemical process liberating new hy- 
droxyl groups is involved in the depolymerization; consequently, this oc- 
curs in the molecular aggregate and not in the molecule itself. 

The compound resulting from the action of periodate upon hyaluronate 
for 7 days at 25° and pH 4.5 was isolated and the analytical data show 
results similar to those obtained with chitin (5). The increase in amounts 
of nitrogen and acetyl groups excludes the possibility of an oxidation be- 
tween carbons 2 and 3 of the glucosamine unit. The value obtained for 
the neutral equivalent indicates the formation of a new carboxyl group, 
probably in the glucosamine unit. 

The molecular weight estimated by iodine oxidation of the free aldehyde 
group is in the order of magnitude of 20,000. Although it is not proved 
that only one aldehyde group exists per molecule, this order of magnitude 
is confirmed by the values obtained in the periodate oxidation.? Both 
extremities of a chain with a molecular weight of 20,000 would consume 
0.08 to 0.16 mole of periodate, depending on the location of the linkages, 
with liberation of 0.01 to 0.12 mole of formic acid per repeating unit. A 
branched molecule is also improbable as a molecule possessing five 
branchings terminated with glucuronic residues would consume 0.65 mole 
of periodate, with liberation of 0.5 mole of formic acid per repeating unit. 
In the case of a glucosamine residue as an end unit, the amount of per- 
iodate consumed would be 0.2 mole of periodate, but the results of the 
deacetylation are not consistent with such a hypothesis. 

Degradation of hyaluronate with hot sodium hydroxide affords, with 
low yield, a polymer with low molecular weight, from which half the acetyl 
groups have been removed. The presence of glucuronic acid units does 
not allow further deacetylation, without complete breakdown of the mole- 
cule, as is possible in the transformation of chitin to chitosan. It is not 
possible to determine the average molecular weight of this deacetylated 
compound nor to ascertain the possible change in the chemical structure 
owing to the action of alkali, 7.e. formation of new bonds, anhydrization, 
decarboxylation, etc. Therefore, the study of its periodate oxidation (Fig. 
4) presents mostly negative evidence and must be interpreted with ex- 
treme caution. As no ammonia is released during the periodate oxida- 
tion, whereas in the periodate oxidation of chitosan (obtained by a similar 
treatment) the liberation of ammonia is quantitative, it seems probable 
that no free amino group is located at the non-reducing end of the chain 


2 It must be emphasized that the molecular weight determined by chemical meth- 
ods, such as iodine or periodate oxidation, represents the smallest molecule with 
covalent bonds existing under the conditions of the determination and does not 
necessarily bear any relation to the weight of the particle measured by osmoti¢ 
pressure, viscosity, or other physical methods (15-18). 
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and that in the rest of the molecule no free amino group is adjacent to a 
free hydroxyl group. The amount of oxidant consumed points to a mini- 
mum molecular weight of 1000, which is consistent with the solubility 
properties. 

Structure of Hyaluronic Acid—Hyaluronic acid, isolated from human 
umbilical cords, is a polymer of N-acetyl-p-glucosamine and p-glucuronic 
acid units in equimolecular proportion (2, 3). Although it is possible for 
other constituents to exist, the analytical data (6) suggest that this is not 
the case.® 

The two components are linked glycosidically with the 8 configuration, 
as suggested by the absence of appreciable reducing power and the strong 
negative rotation; the carboxyl groups are not involved in the linkage (6). 
Periodate oxidation data suggest a pyranose structure, as any furanose 


MOLES PERIODATE 
CONSUMED 
2.0L 5 


a 


1.0: 





I ! | | | 
20 40 60 80 100 





HOURS 
Fig. 4. Periodate oxidation at 5° and pH 4.6 of partially deacetylated hyaluro- 
nate. Moles of periodate consumed per repeating unit. 


structure in an unbranched molecule would bring about the consumption 
of 1 mole of periodate per unit of sugar possessing the furanose structure 
or the liberation of ammonia in the partially deacetylated hyaluronate 
treated with periodate. j 

Kaye and Stacey (3) recently suggested the presence of a resistant 
“core” consisting of N-acetylglucosamine, after study of the compounds 
obtained by hydrolysis of a methylated degraded hyaluronic acid. Such 
a hypothesis is not confirmed by the data obtained from the compound 
isolated after prolonged action of periodate or after alkaline degradation; 


*The values obtained in the determination of the glucosamine are in general 
lower than the theoretical amount. However, as yet, it is not possible to ascertain 
whether the discrepancies are due to the analytical method or correspond to the 
facts. (See the references and discussion for the hyaluronic acid extracted from 
synovial fluid by Ogston and Stanier (19).) Recently Dische and Borenfreund (20) 
found nearly theoretical values, whereas Kaye and Stacey (3) report the presence of 
nitrogen-containing units of a non-carbohydrate nature in hyaluronic acid. 
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it has also been rejected by Rapport and Meyer (21) on the basis of the 0: 
































enzymatic degradation. de 

The fact that native hyaluronate uses much less than 0.5 mole of per- in 

iodate per repeating unit eliminates all structures in which the N-acetyl- fo’ 

glucosamine unit is linked in position 6 or in which the glucuronic acid ac 

unit is linked in position 2 or 4. The only positions left for linkages are | tu 

position 3 of the glucuronic acid unit and positions 3 and 4 of the glucos- | 

e 

TABLE I : ‘ 

Periodate Oxidation of Sodium Hyaluronate (Molecular Weight 20,000) and 7 

Half Deacetylated Sodium Hyaluronate (Molecular Weight 1300) a 

| the 

Sodium hyaluronate Half SI fra 

Linkage between glucuronic acid wit 

and glucosamine units } 
Moles periodate | Moles formic | Moles periodate | Moles ammonia hy: 
consumed* acid liberated* consumed* liberated* : 

1-3} calculated........... 0.08-0.16¢ | 0.03-0.12 1.0-1.2 0.0 I 
1-4f SAM as cite ease 0.08-0.16 0.01-0.12 1.5-1.7 0.35§ 

Other linkages|| calcu- dea 

BE ooo eg se ao A >0.5 0.03-0.12 >3.0 0.35 izat 

lect 

Experimental data.....}| 0.10-0.20 0.08 1.5-2.0 0.0 ron: 

* Per repeating unit. alte 

+ 1-3 linkage between glucosamine and glucuronic acid units. | pyr: 

t The first value is calculated assuming both ends of the chain to be glucosamine cose 

units, the second value glucuronic acid units. The values for the oxidation of the luc 

glucuronoside unit (non-reducing end) and of the glucuronic acid unit (reducing } 





end) were calculated according to Huebner et al. (12), who determined the reduc- 


tion of 5 moles of periodate with liberation of 4 moles of acid by bornyl glucurono- el 
side, and according to Sprinson and Chargaff (22) who determined a reduction of 5 2.) 
moles of periodate by glucuronic acid. 3. | 
§ Calculated on the basis of a liberation of 70 per cent of the theoretical amount 4, J 
4, 5). 5. 
\ - linkage between glucuronic acid and glucosamine units or 1-2 or 1-4 linkage : ; 
between glucosamine and glucuronic acid. may 
) 
amine unit. The data on periodate oxidation, with the amounts oi : : 
oxidant consumed and formic acid and ammonia released, have been cal-| 10. ¢ 
culated for a native sodium hyaluronate with a molecular weight of 20,000 
(50 repeating units) and for the corresponding half deacetylated compound | 1: : 


of molecular weight of 1300 (4 repeating units). 
Determinations on undegraded hyaluronate permit no choice to be} —— 
made between carbons 3 and 4 as the location of the linkage in the glu- 
cosamine unit. On half deacetylated hyaluronate, comparison of the “ a 
amount of oxidant consumed is in favor of a linkage in position 4, but, &}  igent: 
the length of the molecule is undetermined, the evidence is not strong.| patib! 
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On the other hand, the values obtained for the release of ammonia do not 
depend on the length of the molecule, and thus are more reliable. They 
indicate a linkage in position 3. Therefore, the most probable structure 
for hyaluronic acid is an unbranched polymer formed alternately from N- 
acetyl-p-glucosamine and p-glucuronic acid units, having a pyranose struc- 
ture with 8 linkages in positions 1 and 3. 

Since this structure has been proposed (1), Meyer and Fellig (23), using 
periodate oxidation, have proposed a different structure. On undegraded 
hyaluronate, they confirm our results, but prefer a 1-4 linkage between 
glucuronic acid and glucosamine, on the basis of complete methylation of 
the hyaluronate, followed by methanolysis and periodate oxidation of the 
fragments; the latter were not identified.* It is evident that further work 
with other methods is necessary to solve beyond doubt the structure of 
hyaluronic acid. 

SUMMARY 


Data obtained by periodate oxidation of native hyaluronate and half 
deacetylated hyaluronate suggest the following conclusions: the depolymer- 
ization obtained by heating does not occur in the molecule but in the mo- 
lecular aggregate; the hypothesis of a core of N-acetylglucosamine in hyalu- 
ronate is unjustified; the molecule is an unbranched polymer formed 
alternately from p-glucuronic acid and N-acetyl-p-glucosamine, with a 
pyranose configuration and 8 linkages in positions 1 and 3 between glu- 
cosamine and glucuronic units and probably in positions 1 and 3 between 
glucuronic and glucosamine units. 
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identical method applied to chondroitinsulfuric acid (24) led to a structure incom- 
patible with the structure of the degradation products (25, 26). 
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An unusual interdependence between arginine and proline in the metab- 
48). olism of Leuconostoc mesenteroides P-60 has been found in studies on the 
microbiological assay for proline. The interrelationship involves an abnor- 
mally high arginine requirement for growth in the presence of limiting 
amounts of proline, and vice versa. 

The response of this microorganism to proline, under assay conditions 
normally employed, is characterized by little, if any, growth at the lowest 
concentrations of proline and apparently normal growth at higher concen- 
trations. It was reported by Henderson and Snell (1) that this failure to 
utilize low concentrations of proline, which imparted a characteristic lag to 
the standard curve, could be partially overcome by adjusting the pH of the 
medium to 6.0 instead of the usual 6.8 to 7.0. In this respect, the lag re- 
sembled that found in the response of Lactobacillus arabinosus to glutamic 
acid, the utilization of which is competitively inhibited by aspartic acid, as 

shown by Brickson et al. (2). This lag could be alleviated either by lower- 
ing the pH of the medium or by decreasing the level of aspartic acid. A 
search for a similar amino acid inhibitor with respect to proline utilization 
was unsuccessful, but, when arginine was lowered to near limiting amounts 
in these studies, no growth occurred at any level in the proline standard 
curve. 

The results of preliminary studies on this observation have been pre- 


viously reported (3). This paper will deal with more detailed and further 
studies. 


iety, 





EXPERIMENTAL 


Basal Medium—The uniform assay medium of Henderson and Snell (1) 
was used in essentially unchanged form for all work with L. mesenteroides 
P-60. For proline analyses with Leuconostoc citrovorum 8081, the medium 
was slightly modified by inclusion of 0.08 ml. of Lilly’s liver concentrate 
(reticulogen) per 100 ml. of double strength medium, as indicated by Steele 
etal. (4). For use of Lactobacillus brevis 8257, which Dunn et al. (5) have 
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recently recommended for the proline assay, further modification was re- 
quired. 3.4 gm. of L-arabinose and 0.6 gm. of p-glucose were used as the 
carbohydrate source, and 4.4 gm. of potassium acetate were used instead 
of sodium citrate and acetate per 100 ml. of double strength medium. 

Assay Procedures—Most experiments were conducted according to the 
techniques described by Henderson and Snell (1) at a final tube volume of 
2 ml. Unless otherwise indicated, standard solutions contained 20 y of 
L-arginine and 10 y of L-proline per ml. and were added at five different 
levels to establish the standard curves. The sterilization time was 5 min- 
utes at 121° in an autoclave, and the incubation time was 60 to 72 hours 
in an air incubator at 37°. The acid production was then measured by 
titration and is expressed in terms of titration counts, 100 counts being 
approximately equal to 2 ml. of 0.1 Nn NaOH. 

A final tube volume of 10 ml. was employed for the turbidimetric studies, 
all assay constituents being increased 5-fold. The turbidity after 20 hours 
incubation was measured in an Evelyn colorimeter at 660 muy. 

Effects of Other Amino Acids on Proline Utilization—Preliminary experi- 
ments were designed to determine whether an amino acid competitive in- 
hibition was involved. The procedure was to lower one amino acid in the 
medium to one-tenth its prescribed level and to compare the standard 
curve for L-proline on this altered medium with one obtained on the normal 
medium. This was done individually for each of the seventeen amino acids 
in a proline-free amino acid mixture. In no case was the lag removed by 
lowering the level of any amino acid to these near limiting amounts. How- 


ever, it may be noteworthy that a lowered amount of glycine resulted ina | 
slightly higher titration in the tubes containing the lower levels of proline. | 


It should also be noted that, in addition to the more striking need for ex- 


cess arginine, the lowering of glutamic acid in the medium also resulted in 


a slight depression of the standard curve. Each of these observations was 
noted in two separate experiments, but, since the effects were relatively 
slight, they have not been further investigated. 

Interdependence of Arginine and Proline—The effect of reducing the ar- 
ginine in the medium on proline utilization is shown in Fig. 1. The stand- 
ard curves were extended with graded levels of L-proline up to 20 y per 
tube to reveal the relationship further. It is seen that at least 500 y of ar- 
ginine hydrochloride are required for optimal utilization of proline. This 
level is roughly comparable to the 400 y per tube in the normal medium. 
It is to be noted that some inhibition of growth occurs at the excessively 
high level of 2000 y per tube, and that under none of the conditions is 
there a significant decrease in the blank or an alleviation of the lag. 

The reverse situation is presented in Fig. 2. L-Arginine hydrochloride 
at 40 y per ml. was used for the standard curve, and the amount of proline 
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in the medium was varied from 10 to 1000 y per tube. It is observed that 
almost no growth occurs at the 10 y level of proline, indicating that arginine 
utilization by this organism also depends on a relatively high proline level 
in the medium. Maximal arginine utilization occurred at the 200 y (nor- 
mal) level, and there was some growth depression with the abnormally 
high amount. Here, too, there is no significant increase in growth in the 
blank tubes, regardless of the amount of proline in the medium. 

Studies on Possible Interconversion—The numerous well known examples 
of arginine-proline interconversion (6-8) suggested that such a conversion 
might be acting here in some obscure manner, despite the fact that increas- 
ing one amino acid in the medium does not support any growth in the 





PROLINE LEVEL 
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Frias. 1 AND 2. Response of L. mesenteroides P-60 to L-proline with varying levels 


(as indicated) of L-arginine hydrochloride in the medium, and the reversed situation 
for response to arginine. 





absence of the other. Stetten and Schoenheimer (8) demonstrated that in 
the mouse the interconversion occurs via ornithine as one of the interme- 
diates. ‘Tests of ornithine activity in this interrelationship are shown in 
Fig. 3. Equimolar high and low levels of arginine are compared as to their 
effect on the proline utilization, and a mixture of the two was tested at the 
high level. It is seen that pi-ornithine cannot replace arginine, either 
alone or together with arginine, in supporting proline utilization. While 
this finding, together with the previous evidence, does not constitute a 
rigorous proof against interconversion of the two amino acids, such a possi- 
bility appears to be an unlikely explanation for the interdependence. 

Effect of pH on Interdependence—The ratio for optimal utilization of ar- 
ginine and proline was next determined. Different mixtures of arginine 
and proline, totaling 1 uM in one series and 0.25 uM in another, were added 
to an arginine-proline-free medium. In each series, optimal response was 
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found when arginine and proline were present in a 1:1 molar ratio. How- pou 
ever, the range was rather wide, and ratios of 7:3 and 3:7 also produced | sucl 
optimal response. Ratios outside of these, such as those found under as- |  acic 
say conditions, were markedly suboptimal, tide 

The 1:1 ratio between the two amino acids was useful in subsequent Ii 
studies, in which the addition of both arginine and proline in this ratio | sate 
resulted in a “standard curve” that represented the utilization of both deg: 
amino acids. Such curves are presented in Fig. 4 to show the effect of pH | diffi 
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Fia. 3. Response of L. mesenteroides P-60 to proline with varying amounts of | L, ci 
arginine or ornithine in the medium. Curve A, 100 y of L-arginine per tube; Curve “ m 
B, 100 y of u-arginine plus 151.2 y of pL-ornithine per tube; Curve C, 25 y of L-argi- = 
nine per tube; Curve D, obtained with both 37.8 y and 151.2 y of pi-ornithine. Ay 
Fia. 4. Effect of pH on response of L. mesenteroides P-60 to arginine and proline | —— 
added together in a 1:1 ratio. All curves have been adjusted by the difference be- | d 
F an 
i 


tween blanks at the different pH values to that for pH 7.0. (0.1 uM of arginine and 
proline would be expected to be sufficient for near maximal growth if utilization cent 


were norma]; t.e., if no interdependence was involved.) was 
on the interdependence. It is noted that the highest net acid production i 
is at pH 6.0, although at the lower concentrations even higher response is hydi 
obtained at pH 5.5. A lag in the pH 7.0 and 8.0 curves is also seen. It | 1.) 
must be stressed that this lag is a different type of manifestation of the | 4... 
interdependence than the one found under proline assay conditions in which | 4,,,, 
arginine is present in excess. TI 

The effect of pH on proline standard curves will also be seen in subse- | yn, 
quent figures. depe 


Effect of Partial Protein Hydrolysates—One possible explanation for this | oy. 
interrelationship, in agreement with all the data thus far obtained, might | oonj, 
be that these two amino acids act together to form a compound or com- | 7,)) 
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low- pounds, the synthesis of which is difficult for the organism. A compound 
uced such as this would most likely be a peptide containing these two amino 
r as- acids, with the possibility that the point of difficult synthesis was the pep- 
tide bond between the two acids. 
uent In other work in this laboratory (9) amino acids in partial acid hydroly- 
ratio | sates of meat and other proteins were found to be utilized to a greater 
both degree than free amino acids under conditions in which other metabolic 
fpH | difficulties, e.g., competitive inhibitions, were involved. It was desirable 
to test the effect of similar hydrolysates as to their effect on the metabolic 
difficulty found here. 
A preparation of L. mesenteroides cells was made by centrifuging cells 
from an enriched culture medium, washing successively by resuspension, 





TABLE I 


Proline Content of Beef Round and L. mesenteroides Cells after Acid 
Hydrolysis with 3 nw HCl at 121° 


All values in gm. per 100 gm. of crude protein, based on total N X 6.25. 












































Beef round . 
Bacterial 
Organism Hrs. hydrolyzed with 3 n HCI, 121° 

1 3 5 10 15 25 25 

Ria... ......44A. one 3.76 | 4.12 | 3.80 | 3.76 | 3.69 | 3.80 | 2.37 

nts of | DCH OUOTOIE «6 esse Seite 3.50 | 3.88 | 3.73 | 3.73 | 3.77 | 3.77 | 2.27 

Curve Af: CSO NLOT OUNCE 0365.0 INS ee 3.57 | 3.88 | 3.92 | 3.65 | 3.73 | 3.65 | 2.39 
L-argi- 

ne. AVOVSRO v3 code non qncmeemasiones 3.74 | 2.34 
proline 
ace be- 


ne and | 22d recentrifugation with 0.9 per cent NaCl, 50 per cent ethanol, 95 per 
ization | cent ethanol, and finally ether, and drying under a vacuum. Hydrolysis 
was carried out with 3 n HCl at 121° for 1 hour and for 25 hours. 

The 25 hour hydrolysate was analyzed for proline with three different 


uction | assay organisms, and the results obtained are shown in Table I. Since the 
onsé 8. | hydrolysis conditions were more drastic than those ordinarily used, an 
n. It analysis of beef round, hydrolyzed for different lengths of time, is also 
of the shown. Agreement between organisms is satisfactory, and no proline de- 
which | struction is indicated with the prolonged hydrolysis time. 

The proline activity of the bacterial cell hydrolysates was determined 
subse- | under four different conditions, representing different degrees of the inter- 
| dependence between the arginine and proline. A comparison of sample 
or es curves with standard curves is shown in Figs. 5 to 8; the total proline con- 
mig 


centration of the hydrolysates is based on the average content shown in 
r com | Table I. The most adverse conditions for utilization of proline are those 
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of low arginine and pH 7.0 in the medium. Under these conditions (Fig, 
6) a marked stimulation, 7.e. activity much greater than with free proline, 
is found in the 1 hour hydrolysate, while the proline in the 25 hour hydroly. 
sate, presumably all in free form, promotes very little growth and its curve 
practically coincides with the standard curve. Under the most favorable 
conditions, high arginine and pH 6.0 in the medium, the activity (Fig. 7) 
of both 1 and 25 hour hydrolysates is almost the same as that of the free 
proline in the standard curve, although the slight lag still present results 





in some apparent stimulation by the 1 hour hydrolysate. Under inter. | 





160 
FIG. 5 5 | FIG. 7 
7) Pa) 


400 Y 





2 4 6.6 2 4 § 3. 
Y L-PROLINE [PER TUBE oo 


80 
FIG.6 ge FIG. 8g” 
: e 





40g” 40 ¥ r ® pH 7 
ame Cee se a ra 400 ¥ 














Figs. 5 ro 8. Proline activity of partial and complete 3 n HCl hydrolysates of 
L. mesenteroides cells compared to standard curves under four different conditions; 


i.e., pH 6.0 or 7.0 and t-arginine hydrochloride at 40 or 400 y per tube in the me. | 


dium. Proline concentration of samples based on assay with three different organ- 
isms. Curve A, standard; Curve B, 1 hour hydrolysate; Curve C, 25 hour hydro- 
lysate. The key applies to all four figures. 


mediate conditions, low arginine and pH 6.0 or high arginine and pH 7.0, 
a high degree of stimulation is still found in the 1 hour hydrolysates, while 
the 25 hour curves coincide with the standard curves. Similar results of 
the same magnitude were found with the 1 and 25 hour hydrolysates of 
meat under all four conditions, and with hydrolysates of egg albumin 
tested only under conditions of low arginine and pH 7.0 in the medium. 
Enzymatic digests of the bacterial cells, prepared in a manner similar to 
that described by Hankes et al. (10) for digestion of casein with peptic, 
pancreatic, and ereptic enzymes, were also tested. The results were much 
less striking than with the acid hydrolysate, even in digests which had been 
incubated for 60 hours. No true stimulation, in the sense previously de- 
fined, was observed under any of the four assay conditions. This was not 
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surprising since Hankes and his collaborators had found that, in raw casein 
digests prepared under their best conditions, only 19 per cent of the proline 
was available to this organism. However, a marked downward drift in our 
assay values with increasing sample concentration was observed, suggest- 
ing that certain proline-containing peptide fragments are nevertheless stim- 
ulatory, 7.e., more efficiently utilized than free proline at the lower con- 
centrations. 

Other Studies on Interdependence—Studies' on the relative effects of so- 
dium and potassium in microbiological medium have shown that replace- 
ment of all sodium salts in the medium with potassium salts is effective in 
eliminating or reducing lags in the standard curves of several assays. 
However, the use of an “all potassium” medium has little effect on the lag 
here, although acid production is markedly increased in both arginine and 
proline assays at the higher concentrations of standard. 

Reticulogen and yeast extract were added at several different levels to 
the medium, as a possible source of modifying factors, but no significant 
improvement of arginine or proline utilization was observed. The effect 
of CO» was also tested, since its presence has been shown to alter dramati- 
cally the metabolism of certain microorganisms (11, 12), but the results 
indicated that it was without effect. 

Other organisms were also tested for possession of this effect. Neither 
L. citrovorum and L. brevis, which require both arginine and proline, nor 
Lactobacillus delbrueckii 3, Streptococcus faecalis R, and Lactobacillus fer- 
mentt 36, which require only arginine, showed any dependence on the 
amount of the other amino acid in the medium when one was limiting. 

The effect of incubation time was also studied by comparison of turbidi- 
metric 18, 24, 48, and 72 hour readings with titrimetric 72 hour measure- 
ments. ‘The interdependence was evident under all conditions and could 
be overcome in any case by supplying the proline in the form of 1 hour 
hydrolysates of bacterial cells or of egg albumin. 


DISCUSSION 


This interdependence between arginine and proline is observed to be 
greatest under suboptimal conditions; 7.e., at pH 7.0 rather than the more 
optimal pH 6.0. The assay principle itself, with one nutrilite limiting, 
constitutes another unnatural factor, all the constituents of the medium 
being present in an abnormally high proportion compared to that of the 
material being determined. In view of these factors, which may be con- 
sidered conditions of stress, it is not surprising that an unusual inter- 
relationship has been revealed, and the possible explanation that it is due 


To be published by R. J. Sirny, O. R. Braekkan, and C. A. Elvehjem. 
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to a difficulty in performing a key metabolic reaction, that of formation of 
the arginine-proline peptide linkage, appears to be compatible with these 
conditions. 

No previous report of an analogous interdependence has been found in 
the literature. The recent publication by Simmonds and Fruton (13), de- 
scribing a microorganism exhibiting a growth requirement for certain pep- 
tides, may be an example of a related situation. However, a direct analogy 


cannot be made, in view of the simpler nutrient needs of their organism. | 


This organism is able to utilize the leucylglycine peptides as sole nutrient 
sources but is unable to use the corresponding free amino acids, a situation 
quite different from the metabolism of L. mesenteroides. 

Another related example may be found in the reports by these same 
workers (14, 15) on studies with Escherichia coli, which revealed that sev- 
eral different peptides containing proline were more effective in promoting 
growth than was free proline. This apparent non-specificity as to the kind 
of proline peptide required for stimulation indicated that direct incorpora- 
tion of these peptides into bacterial protein was quite unlikely, although it 
was not ruled out completely. 

Three possibilities to account for the enhanced peptide activity have 
been discussed by the authors previously mentioned (15). Any of these 
might be involved in explanation of the greater proline activity in the 
partial hydrolysates tested here. A fourth possibility, however unlikely, 
might be the presence of non-peptide factors, labile to prolonged acid treat- 
ment, which improve proline (and arginine) utilization in the incomplete 
hydrolysates. Since none of these possibilities can be proved or disproved 
on the basis of the present information, the exact reason for the improved 
utilization must await further study. 

Regardless of the ultimate explanation for the greater activity of the 
partial hydrolysates and the convenience of the term “stimulation” in de- 
scribing it, it appears desirable to emphasize a rather obvious point of 
interpretation which might nevertheless be overlooked. The stimulation 
here, as well as in many of the other examples observed by other workers 
(16-19) and by our group,! may actually reflect a normal, unhindered util- 
ization of an essential nutrilite, while utilization of the free amino acid may 
represent the abnormal, inefficient, or difficult situation. The latter might 
be an amino acid interdependence, a competitive inhibition, or some other 
type of metabolic difficulty. In Figs. 5 to 8, which show the effect of pH 
and arginine level on proline utilization, it has been noted that the response 
to the 1 hour hydrolysates is relatively unaffected by the various changes, 
while the response to the free proline is very susceptible to such changes. 
Thus, the degree to which the interdependence is involved appears to de- 
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termine how nearly the response approaches that of the proline in the par- 
tial hydrolysate. 

Practical implications of these findings include the fact that they serve 
to confirm in a specific manner the recognized hazards involved in applica- 
tion of microbiological assays to peptide-containing materials. While it is 
believed that peptide stimulation is likely to be manifest only when specific 
metabolic defects are involved, the limited knowledge about such defects, 
as well as about peptide utilization in general, makes it necessary to view 
results with caution when peptide presence is known or suspected. How- 
ever, when complete hydrolysates are to be analyzed, the proline (or ar- 
ginine) assay with L. mesenteroides appears to be as satisfactory as that 
with other organisms, irrespective of the presence or absence of the lag. 

Finally, no search for other examples of this type of interdependence has 
yet been reported. It will be of interest to learn whether such interrela- 
tionships are limited to this one microorganism, or whether other organisms 
may possess similar involvements with other amino acids. 


SUMMARY 


An unusual interdependence between arginine and proline has been re- 
vealed in the metabolism of Leuconostoc mesenteroides P-60, in which high 
amounts of one amino acid are required for optimal utilization of limiting, 
low amounts of the other. The optimal ratio for most efficient growth has 
been shown to be approximately 1:1. The interdependence is markedly 
affected by the pH of the medium, being almost entirely eliminated by 
reduction of the pH to 5.5 to 6.0. A search for other factors which might 
alter the degree of interdependence yielded negative results. 

An attempt to link this interrelationship with the well known intercon- 
version of these two amino acids has been unsuccessful. Ornithine has 
been shown to be ineffective in replacing the needs for arginine in proline 
utilization. Other objections to a possible interconversion have been 
discussed. 

The suggestion has been made that arginine and proline are involved 
together in the formation of a compound or compounds, the synthesis of 
which is difficult for the organism. Partial acid hydrolysates (8 n HCl, 1 
hour, 121°) of the bacterial cells, as well as those of meat and egg albumin, 
were shown to possess much greater growth-promoting activity than free 
proline, such stimulation being most marked under conditions in which the 
degree of interdependence was also greatest. 

The practical implications of these findings include the recommendation 
that, even under best assay conditions, i.e. pH 6.0 and high arginine (or 
proline), alternative assay organisms should be used if peptide presence is 
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suspected. With complete hydrolysates, results with L. mesenteroides com- 
pare favorably with those obtained with other organisms. 
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REACTION OF a-CHYMOTRYPSIN WITH ANALOGUES OF 
DIISOPROPYL FLUOROPHOSPHATE* 


By EUGENE F. JANSEN, A. LAURENCE CURL, ann A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States 
Department of Agriculture, Albany, California) 


(Received for publication, February 7, 1951) 


A study of the mode of inhibition of a-chymotrypsin by diisopropyl 
fluorophosphate (DFP) led to the observation that the isopropyl phos- 
phate residue had been introduced into the resulting crystalline, inert 
protein in the ratio of 1 mole per mole of protein. Fluorine was simul- 
taneously eliminated as HF (1-3); hence the DFP reacted with the enzyme 
by a condensation reaction with the liberation of the fluorine as HF (38). 

Fleisher et al. (4) found that the reaction of chymotrypsin with tetra- 
ethyl pyrophosphate (TEPP) was as quantitative as that with DFP; 7.e., 
2 ethoxy and 1 phosphorus moles per mole of protein were found in the 
crystallizable, inert protein resulting from the reaction of TEPP with chy- 
motrypsin. The inhibition with these two substances differed mainly in 
rate. More recently Hartley and Kilby (5) arrived at similar conclusions 
regarding the inhibition of chymotrypsin by diethyl p-nitrophenyl phos- 
phate. They found that the liberation of nitrophenol paralleled the 
amount of inhibition when chymotrypsin was treated with this analogue 
of DFP. 

By the analyses of the crystalline, inert proteins resulting from the in- 
hibition of a-chymotrypsin by each of five analogues of DFP, it was found 
that in every instance 1 mole of phosphorus had been introduced per mole 
of enzyme, even when relatively large amounts of the analogue were 
needed to cause complete inhibition: Hence the inhibition reaction of 
a-chymotrypsin with DFP and its various analogues (including the pyro- 
phosphate esters) was found to be a general reaction resulting in the intro- 
duction of 1 mole of phosphorus into the resulting crystalline, inhibited 


proteins. 
Methods 


Crystalline a-chymotrypsin was used throughout this work.! The meth- 
ods of proteinase and esterase assay were those used previously (1, 3). 


* Enzyme Research Division Contribution No. 136. 


‘Purchased from the Worthington Biochemical Laboratory, Freehold, New 
Jersey. 
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The term pI is used to denote the negative logarithm of the concentration 
of inhibitor required to produce 50 per cent inhibition of a-chymotrypsin 
at a concentration of 0.060 mg. of protein nitrogen per ml. of 0.2 m phos- 
phate buffer at pH 7.7 in 20 minutes at 25°.2 The inert proteins resulting 
from the inhibition of a-chymotrypsin by the various analogues of DFP 
were crystallized, dialyzed, and lyophilized as previously described (1). 


Results 
Inhibition of a-Chymotrypsin by DFP Analogues—The ability of the 


following analogues of DFP to inhibit chymotrypsin was determined: tet- | 


raethyl pyrophosphate’ (TEPP), diphenyl chlorophosphate* (DPCIP), 
diethyl thionofluorophosphate® (DSFP), tetraisopropyl pyrophosphate’ 
(TIPP), diethyl p-nitrophenyl phosphate® (DNPP), diethyl p-nitrophenyl 
thionophosphate’ (parathion, PT), tetrapropyl dithionopyrophosphate! 
(TPDP), tetramethyl fluorophosphoramide® (TFPA), and octamethyl py- 
rophosphoramide? (OMPA). The results are given in Table I as the pl 
values. This value is purely arbitrary, since only one time interval was 
considered; it represents a combination of both the speed and the effec- 
tiveness of a given inhibitor. In terms of pI values, DFP was the most 
effective inhibitor, while TPDP was the least, the former being more than 
1000 times as effective as the latter. It was rather strange to find DPCIP, 
a fairly common phosphorylating reagent, to be so effective an inhibitor 
of chymotrypsin zn vitro. On the other hand TFPA and OMPA, the sys- 
temic insecticides (6), were without measurable effect on chymotrypsin 
under the conditions employed. TFPA at a concentration of 3 X 107m 
and OMPA at a concentration of 0.01 m caused no inhibition of a-chymo- 








trypsin even after 20 hours at 25° and pH 7.7. As a matter of fact these | 


two analogues of DFP had little or no effect on bovine erythrocyte cho- 
linesterase, acetylesterase, and liver esterase under the conditions tried! 


2 These conditions for defining pI are purely arbitrary, since the rates of the 
inhibition reaction with the various analogues of DFP differ widely; e.g., the inhibi- 
tion of a-chymotrypsin with DFP was very rapid (1), whereas that with TEPP was 
relatively slow (3). 

3 Kindly supplied by Mr. D. G. Brower and Dr. Howard Adler of the Victor Chemi- 
cal Works, Chicago, Illinois. 

4 Kindly furnished by Dr. H. O. L. Fischer and Dr. D. L. MacDonald, Depart- 
ment of Biochemistry, University of California, Berkeley, California. 

5 Obtained through the courtesy of Dr. Archie Hood, Ozark-Mahoning Company, 
Ozark Chemical Division, Tulsa, Oklahoma. 

* Obtained through the courtesy of Dr. S. A. Hall, Insecticide Investigations, 
Bureau of Entomology and Plant Quarantine, United States Department of Agri- 
culture, Beltsville, Maryland. 

7 Kindly supplied by Mr. A. F. Kirkpatrick of the American Cyanamid Company, 
San Francisco office. 

8 Unpublished results. 
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These facts suggest that the action of the systemic insecticidal analogues 
of DFP may well differ from that of the contact type. 

Analysis of Crystalline, Inert Proteins Resulting from Inhibition of a-Chy- 
motrypsin by Analogues of DFP—Since the effectiveness of the several 
DFP analogues varied over such a wide range, the question arose as to 
whether or not the mode of action of all the inhibitors was the same; 7.c., 
did chymotrypsin react on a mole per mole basis with each inhibitor? 
Phosphorus analysis on the inert proteins resulting from complete inhibi- 
tion with the several analogues of DFP should serve to answer this ques- 
tion. Accordingly the crystalline reaction products of the enzyme were 


TABLE I 


pl Values for Inhibition of a-Chymotrypsin by Analogues of DFP and| Phosphorus 
Content of Crystalline, Inert Proteins Resulting from Complete Inhibition Thereby 








Inhibitor pI of inhibition | Phosphorus content. of 
ber cent 

Ee een ee eS 5.2 (1) t 0.125 (2) t 
| Er ener tear, 4.3 

fT ee 4.0 0.127 
ee a 3.6 0.126 

i ee ere 3.5 0.132 

gill ee) <2.5 0.127 
SE IE ON Te <2.5 
STE E eer es <2.0 0.134 











*The pI values were determined by using a-chymotrypsin at a concentration of 
0.06 mg. of protein nitrogen per ml. of 0.2 m phosphate buffer at pH 7.7. 

+ Twice crystallized, dialyzed, and lyophilized inert protein was used for these 
analyses. 


t The figures in parentheses refer to the bibliography. 


prepared in each case by the method previously cited, except that more 
inhibitor was used. The molar excess of inhibitor to enzyme was 20 to 
30 times and the inhibition reaction was allowed to proceed 24 hours ex- 
cept with TPDP. With this substance a molar excess of 110 times and 
48 hours were found to be necessary before nearly complete inhibition 
was obtained. After two crystallizations, dialysis, and lyophilization, all 
of the inhibited proteins possessed less than 1 per cent of the activity of 
a-chymotrypsin (both esterolytic and proteolytic) except the protein pre- 
pared with TPDP, which possessed approximately 4 per cent of the origi- 
nal activity. The crystalline form of the inert proteins in each instance 
resembled closely that of active a-chymotrypsin except that prepared by 
inhibiting the enzyme with DPCIP. In this case the crystals were needle- 
like, resembling those of trypsin but frequently occurring in sheaves. 
(The solubility of this inert protein both in water and ammonium sulfate 
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solutions was less than that of the other inhibited proteins. The latter 
showed approximately the same solubilities as were observed for DFP- 
inhibited a-chymotrypsin, which is itself somewhat less soluble than the 
parent protein (1).) The phosphorus contents of the several inhibited 
a-chymotrypsins are given in Table I. The amount of phosphorus intro- 
duced in each case was essentially identical, regardless of the amounts of 
the several inhibitors used to produce reasonably complete inhibition. As 
a-chymotrypsin contains no phosphorus (7), and its molecular weight has 
been shown to be approximately 27,000 (3), the introduction of 1 mole of 
phosphorus per mole would give the inhibited protein a phosphorus con- 
tent of 0.115 per cent. In each case approximately 1.1 moles of phos- 
phorus were found in the inert proteins. 

Since it has previously been shown that the two isopropyl groups of 
DFP (8) and two of the ethyl groups of TEPP (4) are introduced respec- 
tively into chymotrypsin by the reaction with these substances, it is not 
unreasonable to suppose that the alkyl or aryl groups of any of the ana- 
logues of DFP would likewise be introduced by their inhibition of this 


RO. 0S) RO. _,0(S) 
P > Car e a, 4 4 
—. \ 


RO -Y RO xt (Acid) 


enzyme. Hence the inhibition reaction of a-chymotrypsin with any of the 
analogues of DFP may be represented by the accompanying equation, 
where Y represents R2PO;- (as in TEPP), halogen, etc., and HXt repre- 
sents chymotrypsin possessing an essential, active hydrogen. 


DISCUSSION 


From the results reported here and previously (1-3) it is apparent that 
a-chymotrypsin reacted with DFP and any of its analogues in the same 
manner; 7.e., the inhibition reaction introduced a dialkyl or diary] phos- 
phate into the protein. The reaction may be the same when other es- 
terases are inhibited by any compounds of this class. Indeed, Boursnell 
and Webb (8) found that a preparation of horse liver esterase, which was 
80 per cent electrophoretically pure, bound the phosphorus of radioactive 
DFP in the proportion of 1 gm. molecule of DFP per 96,000 gm. of ester- 
ase (corrected for the impurity present). This reaction apparently dif- 
fered from that with a-chymotrypsin only in that the liver esterase had a 
greater molecular weight. The proof that other esterases react with DFP 
and its analogues in a molar ratio of 1:1 must await their ultimate iso- 
lation. 
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It is of interest that the sulfur-containing analogues react more diffi- 
cultly with a-chymotrypsin. As a matter of fact attempts to prepare 
completely inhibited enzyme with PT (parathion) met with failure. The 
reason for this difference is not apparent. 


SUMMARY 


Analyses of the crystalline, inert proteins resulting from the inhibition 
of a-chymotrypsin with five analogues of DFP showed that in each case 
approximately 1 mole of phosphorus had been introduced per mole of 
enzyme in spite of great differences in the amount of the analogue needed 
to cause complete inhibition. The analogues used were diphenyl chloro- 
phosphate, diethyl thionofluorophosphate, tetraisopropyl pyrophosphate, 
diethyl p-nitrophenyl phosphate, and tetrapropyl dithionopyrophosphate. 
Under the conditions tried, the systemic insecticidal analogues, tetra- 
methyl fluorophosphoramide and octamethyl pyrophosphoramide, had 
little or no effect on the enzyme. 
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CRYSTALLINE TRYPSIN INHIBITOR FROM COLOSTRUM* 


By M. LASKOWSKI, Jr.,t anv M. LASKOWSKI 


(From the Department of Biochemistry, Marquette University School of Medicine, 
Milwaukee, Wisconsin) 





(Received for publication, December 18, 1950) 


A chance observation was made in this laboratory that raw cream pos- 
sessed trypsin-inhibiting activity. The inhibiting activity of various sam- 
ples varied greatly. The explanation for this variation became apparent 
when it was found that bovine colostrum inhibited trypsin to a much 
greater extent than did cream. While in the case of cream the detection 
of the inhibitor was possible only after a considerable concentration of the 
inhibitory fraction, in colostrum the inhibitor could be detected directly 
after 1:10 dilution. 

The purpose of this paper is to present methods for the concentration of 
the trypsin inhibitor from bovine colostrum, the preparation of the crystal- 
line trypsin-trypsin inhibitor compound, and, finally, the crystallization of 


the free inhibitor. Some properties of both crystalline substances are de- 
scribed. 


EXPERIMENTAL 


The inhibitor was determined by the spectrophotometric method of Ku- 

nitz (2). Reerystallized trypsin from Armour and Company has been 
used as a standard. It gave an activity curve considerably lower than 
that described by Kunitz. For routine work, a solution of trypsin con- 
taining 500 y per ml. was prepared and kept frozen in 0.2 ml. aliquots in 
small stoppered test-tubes. Just before use it was thawed and diluted to 
contain 10 y per ml. In testing for activity it was found convenient to 
use a minimum of two sets of four test-tubes each. The tubes of the first 
set contained no inhibitor and 0, 2, 4, and 8 y of trypsin respectively. 
The second set contained the same gradation of trypsin plus 0.1 ml. of the 
solution of inhibitor in all four of the test-tubes. When the amount of the 
inhibitor could not be predicted, the third and fourth sets were added, 
containing the same gradation of trypsin and 0.1 ml. of solution of inhibi- 








* Aided by a research grant from the National Institutes of Health, United 
States Public Health Service, and by a grant from Clara Woltring Memorial admin- 
istered by the Marquette University School of Medicine. A preliminary note de- 
scribing the discovery of the inhibitor in colostrum and its partial purification has 
been published (1). 

} Present address, Department of Chemistry, Cornell University, Ithaca, New 
York, 
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tor diluted 1:10 and 1:100 respectively. The amount of the inhibitor was 
expressed in actual micrograms of trypsin inhibited. Only in the experi- 
ments with crystalline inhibitor was the activity of trypsin read from the 
standard curve of Kunitz (2) and expressed in his units. The degree of 
the purification was followed not by the total N, but by the spectrophoto- 
metric reading at 280 mu. The potency of the inhibitor solution was ex- 
pressed by means of the ratio, micrograms of trypsin inhibited to Fx9. 

It soon became evident that the inhibitor from colostrum and trypsin 
form a stoichiometric compound. Even with a crude solution of the in- 
hibitor, the direct proportionality was apparent (Fig. 1). 

Before we attempted the purification of the inhibitor, its distribution in 
bovine and human colostrum was investigated. Only one experiment was 





% TRYPSIN INHIBITED 
O-NwWhVDANO DO 





1 L 1 1 1 1 1 


1 1l 1 1 
Wl a2 AS 6 7 8 SD HO Liz 
ml. OF INHIBITOR 
Fig. 1. Stoichiometric relationship between the inhibitor from colostrum and 
trypsin. Solution of inhibitor after step (2) of purification procedure. 








carried out on the colostrum of the same cow. The following figures were 
obtained: 1 ml. of the 1st day’s colostrum inhibited 600 y of trypsin, while 
1 ml. of the 2nd day’s colostrum inhibited 200 y of trypsin. Colostrum of 
the 1st day from different cows inhibited from 120 to 600 y of trypsin per 
ml. 

The colostrum of ten human subjects has been investigated.!. The hu- 
man colostrum contained less inhibitor; the highest figure obtained was 
60 y of trypsin inhibited per ml. The maximum individual content oc- 
curred between the Ist and 3rd days after delivery. Fig. 2 represents the 
results of three selected cases to indicate this variation. On the 5th day 
no inhibitor could be detected in human milk by direct measurement. 

Early during this work an assumption was made that the inhibitor from 
colostrum has at least some properties of solubility similar to those of the 


1 We are indebted to Dr. W. A. D. Anderson and Dr. H. B. Benjamin for supply- 
ing us with these samples. 
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rwas | trypsin inhibitor from pancreas. This assumption was found justified. 
‘peri- | The general trend of the purification procedure resembled, therefore, that 
n the | of Kunitz and Northrop (3). The method finally adopted differed from 
ee of | the procedure previously described (1) in that the first three steps were 
hoto- 


omitted, although, as a result, yield was sacrificed in favor of speed of 
us ex- | operation. By omitting prolonged filtrations of large volumes and by in- 
80. troducing a direct precipitation of the bulk of proteins with 2.5 per cent 

















ypsin trichloroacetic acid, the method was simplified, but the loss in the first 
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Fic. 2. Variation in the content of trypsin inhibitor in human milk during the 
: first 5 days after delivery. 
sin per 

step was approximately 75 per cent of the total inhibitor. The authors 
he hu- } still believe that in laboratories where the handling of large volumes of 
ed was | liquid does not offer a major difficulty the original method would be both 
ent 0} cheaper and more efficient. The final procedure is described in detail 
nts the below. 
ith day 1. To each liter of colostrum, 1 liter of water and 1 liter of 7.5 per cent 
ent. trichloroacetic acid are added (final concentration 2.5 per cent in respect to 
or from } trichloroacetic acid). The mixture is heated to 80° with constant stirring 
> of the } and allowed to stand at that temperature for 5 minutes. It is then cooled 
and filtered by suction with Whatman filter paper No. 1 or No. 4. The 


heavy cheese-like precipitate is discarded. The filtrate is brought to 80 


- supply- 
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per cent saturation by addition of solid ammonium sulfate (603 gm. per 
liter) and allowed to stand overnight at room temperature. The slight 
precipitate which floats on the surface is removed by filtration with suc. 
tion through Whatman filter paper No. 4. The filtrate is discarded. 

2. The precipitate (plus crude fractions from previous preparations) is 
dissolved in 7 volumes of water with the aid of a Waring blendor, and 
enough trichloroacetic acid is added to attain a final concentration of 2.5 
per cent. The mixture is heated to 80° for 5 minutes, cooled, and filtered 
with suction through Whatman filter paper No. 4. The precipitate is 
washed with 2.5 per cent trichloroacetic acid and discarded. The com- 
bined filtrate and washings are brought to 80 per cent saturation of ammo- 
nium sulfate and the mixture is filtered with suction through Whatman 
filter paper No. 4. The filtrate is discarded. 

3. After the precipitate has been dissolved in 5 volumes of water (War- 
ing blendor), the solution is adjusted to pH 6.5 with 1 N NaOH (glass 
electrode) and brought to 30 per cent saturation of ammonium sulfate 
(22.6 gm. per 100 ml). After addition of 5 gm. of Celite 545 (Johns-Man- 
ville) per 100 ml., the mixture is filtered with suction through Whatman 
filter paper No. 4. The filtration is slow. The dark precipitate is dis- 
carded. The filtrate is brought to 70 per cent saturation of ammonium 
sulfate (26.7 gm. per 100 ml.), which results in a formation of rubber-like 
precipitate. The latter is filtered with suction through Whatman filter 
paper No. 4, and kept as Precipitate 3. Some inhibitor can be saved by 
adjusting the filtrate to pH 2 and 80 per cent saturation, filtering, and 
adding it to the next preparation (step (2)). 

4. Precipitate 3 is dissolved in 5 volumes of water, trichloroacetic acid 
is added to attain a concentration of 2.5 per cent, and the solution is 
shaken thoroughly in a separatory funnel with an equal volume of ether. 








—_ 


It is then allowed to stand for 2 hours. The water layer is separated and | 
kept. The ether layer is washed with one-half of the previous amount of | 


water, the washings are added to the next preparation, and the rest is dis- 
carded. The liquid, which is still saturated with ether, is brought to 30 


per cent saturation of ammonium sulfate (22.6 gm. per 100 ml.). The! 


rubber-like precipitate which forms is filtered through Whatman filter pa- 
per No. 4 and the filtrate is discarded. 


5. The precipitate is dissolved by stirring in a minimum amount of | 


water and the solution is dialyzed against distilled water overnight.? The | 


dialyzed liquid is adjusted to pH 5.5 with 1 Nn NaOH and is treated with an 
equal volume of methanol. The solution is allowed to stand in a deep 
2 Sizable amounts of inhibitor are lost during dialysis, since the inhibitor slowly 


passes across the cellophane membrane. The dialysis was, however, necessary for 
the succeeding precipitation with methanol. 
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freeze (—18°) for an hour and is centrifuged in a conical head of a refrig- 
erated centrifuge at —10° for 15 minutes at 3500 r.p.m. The precipitate 
may be used in the next preparation (step (2)). The slightly cloudy su- 
pernatant is treated with 4 times the previous volume of methanol (a total 
of 5 volumes). It is set in the deep freeze for an hour and is centrifuged 
at —10° for 20 minutes at 3500 r.p.m. The supernatant is discarded. 
Crystallization of Trypsin-Trypsin Inhibitor Compound—Precipitate 5 is 
dissolved in a minimum amount of water and the solution is adjusted to 
pH 3. ‘The amount of trypsin required to neutralize the inhibitor com- 
pletely is accurately determined on an aliquot. The calculated amount of 
recrystallized trypsin (Armour and Company) is dissolved in a small vol- 
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Fic. 3 Fia. 4 
Fig. 3. Crystalline trypsin-trypsin inhibitor compound (usual form), X 240. 
Fic. 4. A different form of crystalline trypsin-trypsin inhibitor compound, X 300. 


ume of 0.0025 Nn HCl and added to the solution of inhibitor. The solution 
is brought to pH 8, with the use of Kunitz’ borate buffer of pH 9, and is 
allowed to stand in the refrigerator for an hour, after which it is readjusted 
to pH 5.5 with 1 n HCl. If a precipitate appears at that time, it should 
be centrifuged, washed with a little acetate buffer at pH 5.5, and discarded. 
The solution should be free of the excess of either trypsin or inhibitor when 
tested at 1:100 dilution. If it is not, the whole step should be repeated. 
To the solution an equal volume of saturated ammonium sulfate is added 
and then a few drops more, until the sign of first turbidity. After seeding 
with the crystals of trypsin-trypsin inhibitor compound, the solution is 
allowed to stand for 3 to 4 days at room temperature. The mixture first 
becomes gelatinous; then needles of the crystalline compound slowly form 
(Fig. 3). If the erystallization does not occur at that time, the compound 
should be precipitated with ammonium sulfate at 70 per cent saturation, 
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redissolved in a minimum amount of water, adjusted with the saturated 
solution of ammonium sulfate to the first sign of turbidity, and seeded 
again. Crystals are separated by centrifugation with the high speed at- 
tachment of the refrigerated centrifuge. Recrystallization is carried out 
by dissolving the crystals in a minimum amount of water and adjusting 
with a saturated solution of ammonium sulfate until the faint turbidity, 
Only once crystals were observed in a different shape (Fig. +). On re- 
crystallization the usual needle form was obtained. 

Crystallization of Free Trypsin Inhibitor from Colostrum—The twice re- 
crystallized trypsin-trypsin inhibitor compound is dissolved in a small 
amount of water. An equal volume of 5 per cent trichloroacetic acid is 





Fig. 5. Crystalline trypsin inhibitor from colostrum, X 240 


then added and the solution is allowed to stand for an hour. The precipi- 
tated trypsin is centrifuged and may be saved for the next preparation. 
The solution of inhibitor is heated to 80° for 5 minutes, cooled to 25°, and 
filtered through a small fluted filter (Whatman No. 4) to remove a slight 
precipitate, which is discarded. The filtrate is brought to 80 per cent 
saturation with ammonium sulfate and centrifuged in the high speed at- 
tachment of the refrigerated centrifuge at about 25,000 r.p.m. The pre- 
cipitate is dissolved in a minimum amount of 0.05 mM acetate buffer at 
pH 5.5, an equal amount of saturated ammonium sulfate is added, and 
then very carefully an excess of a few drops until the minute turbidity 
appears. Crystals form almost immediately (Fig. 5). The solution is 
allowed to stand overnight and is centrifuged in a high speed attachment. 
Recrystallization is carried out in the same manner as the first crystalli- 
zation. 
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The balance sheet of one of the experiments on purification up to the 
stage of formation of trypsin-trypsin inhibitor compound is shown in Ta- 
ble I. The purification was also followed by an occasional electropho- 
retic pattern. Fig. 6 shows the results of electrophoresis of ‘‘purified”’ 
inhibitor after step (5). Fig. 7 shows the pattern of twice recrystallized 
trypsin-trypsin inhibitor compound, indicating the presence of at least one 
major impurity. Fig. 8 shows the pattern obtained on the inhibitor solu- 
tion after splitting the complex, but prior to crystallization of the free 
inhibitor. The pattern is much more uniform and indicates the presence 
of only small amounts of impurities. The isoelectric point of the inhibitor 
is somewhat lower than pH 5.47. As yet it has not been possible to secure 
enough of the recrystallized inhibitor to obtain its pattern. 

The recrystallized inhibitor was dialyzed against distilled water for 24 
hours and lyophilized. Several samples were weighed and the extinction 








TABLE I 
Balance Sheet of Experiment with 4 Gallons of Colostrum 
Purification step No. Total amount of trypsin inhibited Potency, trypsin intibied 
a gm. 
1 1.7 
2 I | 130 
3 1.0 220 
4 0.6 550 
5 0.4 730 











coefficient at 280 mu was determined. The inhibitor was again dialyzed 
and lyophilized, and the extinction was determined once more. No signif- 
icant changes in coefficient were found after the second dialysis. The 
average value for the factor was found to be 2.00, which is very high when 
compared with 0.500 for chymotrypsin a, 0.585 for trypsin, 0.600 for chy- 
motrypsin B, and 1.10 for soy bean inhibitor. The high value of the fac- 
tor suggests that the total amount of tyrosine plus tryptophan in the 
inhibitor molecule is low. 

Fig. 9 shows the ultraviolet absorption spectra of the solution of 0.9 mg. 
per ml. of recrystallized inhibitor in 0.1 N NaOH and 0.1 Nn HCl. The 
curve in 0.1 M acetate buffer, pH 5.5, was almost identical with the acid 
curve and is not reproduced. It is interesting to note the striking differ- 
ence between acid and alkaline spectra, which is characteristic for predom- 
inance of tyrosine. The maximum in acid (277 my) and the minimum in 
alkali (276 my) almost correspond to the same point. The content of 


*A more detailed electrophoretic study of the trypsin-trypsin inhibitor com- 
pound will be published separately. 
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tyrosine and tryptophan was calculated according to Goodwin and Mor. 
ton (4) from the 0.1 n NaOH curve and the following figures were ob- 
tained: tyrosine 5.3 per cent, tryptophan 0.15 per cent. Since the method 
gives accurate results only when the ratio of the two components is within 
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ASCENDING -—— —-+ DESCENDING 


Fig. 6. Electrophoretic pattern of the inhibitor preparation after step (5) in 0.1 
u acetate buffer at pH 5.5, after 180 minutes. 














ASCENDING +— —— DESCENDING 


Fig. 7. Electrophoretic pattern of twice recrystallized trypsin-trypsin inhibitor 
compound in 0.1 uw acetate buffer at pH 5.2, after 100 minutes. 
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DESCENDING ——> +— ASCENDING 
Fic. 8. Electrophoretic pattern of free inhibitor obtained after splitting the 
trypsin-trypsin inhibitor compound, but prior the crystallization of the pure in- 
hibitor. Acetate buffer 0.1 4, pH 5.47, 80 minutes. 








the limits of 1:20 or 20:1, the presence of even a small amount of trypto- 
phan may be doubted. 

The potency of the new trypsin inhibitor could have been expressed 
either in actual micrograms of trypsin inhibited or in relative potency 
compared to the soy bean trypsin inhibitor. The preparation of trypsia 
used throughout this work gave a lower activity curve than the standarl 
curve reported by Kunitz (2). Hence, the values obtained in a neutrali: 
zation experiment would have been significant only in respect to the prep 
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Sie. ration used. The second alternative was therefore chosen, and the new 
oi inhibitor was compared to soy bean inhibitor.‘ The experiment was pre- 
thod pared as follows: Each tube contained 25 y of trypsin. To one series of 
‘thin | tubes crystalline soy bean inhibitor was added in steps of 2.5 y; to a sec- 
ond, crystalline inhibitor from colostrum was added in steps of 1.25 y. 
The activity of all tubes was read from the standard curve of Kunitz and 
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ting the Fic. 9. Ultraviolet absorption spectra of recrystallized inhibitor from colostrum. 
pure in- Solution of inhibitor 0.9 mg. per ml., 1 em. silica cell, Beckman spectrophotometer. 





the degree of inhibition was calculated in the units of Kunitz. The re- 
' trypte } sults are shown in Fig. 10. It is obvious that, per unit of weight, inhibitor 
from colostrum is 2.3 times as potent as soy bean inhibitor. Since both 
xpressel | inhibitors were assayed against the same preparation of trypsin, it seems 
potency justified to assume that the ratio found in this experiment may be trans- 
 trypsit | ferred to any other preparation of trypsin. Kunitz (2) found that 1 of 
standarl } Sy bean inhibitor neutralized 1 y of his standard trypsin; therefore 1 y 
neutral | of the inhibitor from colostrum would be equivalent to 2.3 7 of the stand- 


ne prep} ‘We are indebted to Dr. M. Kunitz for this preparation. 
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ard trypsin of Kunitz. Of course, this reasoning is valid only on the 
assumption that both inhibitors are (or are not) reacting to the same 
degree with the inactive trypsin. 


DISCUSSION 


It has been known from the time of Ehrlich (5) that the new-bom 
mammal can directly absorb the immune bodies from colostrum. The 
mechanism of this process, however, remained obscure. It may be worth 
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Fic. 10. Comparison of the inhibiting potencies of soy bean inhibitor and the 
inhibitor from colostrum. Each tube contained 25 y of trypsin and the indicated 
amounts of one of the inhibitors. After subtraction of the values of the blanks the 
activity was read from the standard curve of Kunitz (2) and expressed in his units 


while to quote Howe (6) verbatim: “The function of colostrum has not 
been well understood; the most common explanation is that it acts as: 
purgative.” In the twenties, due to the work of Smith and Little (7) and 
Orcutt and Howe (8), at least one side of this phenomenon was elucidated; 
namely, the absence of immune globulins in the blood of the new-bom, 
their presence in colostrum, and their appearance in the circulation of the 
new-born as early as 3 hours after feeding colostrum. The immune globu- 
lins of colostrum have been recently investigated by Smith (9), and the 
entire problem has been reviewed by McMeekin and Polis (10). 

The discovery of a powerful trypsin inhibitor in colostrum offers a 
explanation for the next obscure point in the mechanism of transmissi0l 
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of immune globulins. It explains how the immune globulins can escape 
the proteolytic digestion, particularly if one takes into account the low 
gastric acidity of the new-born and consequently an impaired peptic diges- 
tion. An observation made by Smith and Little (11) for a different pur- 
pose can be used as evidence that a considerable amount of protein actually 
escapes digestion: “‘The distended fourth stomachs frequently encountered 
at the autopsies, filled with colostral milk, and the presence of coagulable 
protein in the contents of the ileum® suggested the hypothesis that the pro- 
tein in the urine may be associated with colostrum.” 


Our thanks are due to Miss M. L. Trautmann for assistance, to Miss V. 
Kubacki for electrophoretic patterns, to Mr. L. C. Massopust for photo- 
graphs and drawings, and to the Blochowiak Dairy Company and their 
producers for generous supplies of colostrum and for splendid cooperation. 


SUMMARY 


The presence of large amounts of trypsin inhibitor in bovine colostrum 
has been discovered. Much smaller quantities were found in human co- 
lostrum. 

Trypsin inhibitor from. bovine colostrum has been purified. A crys- 
talline compound composed of trypsin and trypsin inhibitor has been 
obtained. This compound was inactive either as trypsin or as trypsin 
inhibitor. After the compound was split into trypsin and inhibitor, both 
fractions were found active. From the latter fraction crystalline inhibi- 
tor was obtained. The details of the methods of crystallization have been 
presented, and some of the properties of the inhibitor have been described. 
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A NEW METHOD OF ASSAY FOR SERUM ESTERASE 
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_ The initial method of assay of esterase, based on the measurement of 
_ residual acetylcholine after enzyme action, has been abandoned. Methods 
now in use are adaptations either of the Warburg method or of the contin- 
uous titration method first proposed by Willstatter e¢ al. (1). The War- 
burg method is based on the measurement of carbon dioxide liberated by 
the action of acetic acid from enzyme hydrolysis on a standard bicarbonate 
solution. Because the Warburg method has been adaptable to the assay 
of a number of enzyme systems, it has had a distinct advantage in studies 
involving the effects of a given factor on a variety of enzymes. Because a 
number of determinations can be made simultaneously, it has had an ad- 
vantage in serial determinations. The inherent inaccuracies in the method 
and the requirement of extensive special apparatus led to the development 
of the continuous titration method, variations of which have been proposed 
by Stedman et al. (2), Alles and Hawes (3), Glick (4), and others. This 
method is based on the measurement of the time required for the addition 
of a given volume of standard alkali solution to the reaction mixture while 
the pH is kept at a constant value. The initial procedures, in which the 
pH of the solution was kept at a specific indicator color, have in the main 
been abandoned in favor of the use of a potentiometer for this purpose. A 
titration requires about 20 minutes and a maximum accuracy of +2 per 
cent is claimed. A colorimetric method has recently been introduced by 
Seligman and Nachlas (5), in which advantage is taken of the non-specific 
nature of the enzyme in the use of esters of 8-naphthol as substrate. The 
liberated 8-naphthol from enzymic hydrolysis is converted to a purple azo 
dye by coupling with diorthoanisidine, and the dye is measured colorimet- 
rically. The method has the distinct advantage of being adaptable to de- 
terminations of both the specific and non-specific esterase. The authors 
believe the method to be more accurate than the continuous titration 
method, though it would seem to be at a cost of some sacrifice of simplicity 
of technique. 

As a result of studies made in this laboratory, a further deviation in the 
use of the pH meter in enzyme assay has been devised which we believe has 
distinct advantages over all these methods from the standpoint of ease of 
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duplication of results and simplicity of apparatus and technique. The 
accuracy of the method exceeds that of the Warburg and continuous titra. 
tion methods. Comparison of accuracy with the colorimetric method re. 
mains to be established. The initial work described in this paper was done 
by using the action of serum esterase on a mildly alkaline solution of ace- 
tylcholine bromide as substrate. It is hoped that the method can be ex. 
tended to the assay of other enzyme systems and work is proceeding in this 
direction. 

Our method is based on an accurate measurement of the time required 


for a given sample of enzyme to change the pH of a standard substrate | 


solution over a definite pH range at standard temperature. The standard 
temperature has been taken as 24°, the standard pH range is from 8.200 to 
7.800, and the standard substrate solution consists of 5 ml. of water, 5 ml. 
of 0.1 m acetylcholine bromide solution adjusted to pH 6.0, and 5 ml. of 
carbonate-bicarbonate solution made by mixing 0.1 N sodium carbonate 
and 0.1 N sodium bicarbonate to give a solution of pH 8.80. As indicated 
in a later paragraph, a correction factor has been determined to permit the 
use of alkali solutions which deviate somewhat from this value. 1 ml. of 
serum is used for each determination. The experimental bases for the se- 
lection of these standards are discussed in a later paragraph. 


EXPERIMENTAL 


Apparatus—The essential piece of apparatus for esterase assay by this 
method is a satisfactory pH meter. We have used a Beckman meter, 
model G. Certain refinements have been introduced in order to determine 
certain correction factors more accurately. Once these have been estab- 
lished, the more elaborate refinements can be omitted. An 18 inch am 
was mounted on the pH dial manipulator to increase the accuracy of read- 
ings. At the end of this arm, a new pH scale was made to coincide with 
the values of the original scale, but the needle arc was increased from about 
3 inch to 5 inches (Fig. 1). By this means the meter arm could be accu- 
rately and reproducibly set to within 0.001 pH unit. A hair was fixed 
across the correction dial at the zero point and in line with the hand as it 


points to the zero mark. A hand lens was fixed at proper focus above this} 


dial, making it possible to note the time when the needle passes the hair 
within a fraction of a second without errors of parallax. The National 
Technical Laboratories of South Pasadena prepared for us a pair of exter- 
sion electrodes permitting determinations to be made on solutions remote 
from the meter. The small glass vessel provided for holding the solution 
during a determination was replaced by a plastic cup arranged to rest ins 
temperature bath which could be held constant within a few hundredths 0 
a degree during a series of determinations. To the unit holding the tw 
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electrodes was added a thermometer graduated in tenths of a degree. The 
two electrodes and the thermometer were made to pass through a trans- 
parent plastic plate in such fashion that, when the unit was lowered into 
the pH vessel, the plastic plate served as a lid, preventing laboratory fumes 
from entering during the determination. In order to maintain proper tem- 
perature control, the stock solutions were placed in suitable containers and 
kept immersed in the same temperature control bath as is used for the con- 
trol during determinations. 

One of the principal difficulties encountered was that of maintaining an 
unbuffered solution of alkali at constant pH for a period sufficiently long 
to make a series of determinations. This difficulty was met by the use of 
hard rubber bottles. 

When volume measurements were needed other than 1 or 5 ml., pipettes 
graduated to 0.01 ml. were used. Otherwise we found that ordinary trans- 





























Fig. 1. Diagram showing use of extended pH meter arm and enlarged pH dial 


fer pipettes were satisfactory, since duplicability of volume is of more im- 
portance for comparison studies than the use of some specified volume. 
Obviously, it is important always to use the same pipette for the same solu- 
tion. The pipettes were rinsed and dried after each usage. Time was 


_ measured by a stop-watch with divisions in fifths of a second. 


Procedure—The following technique for single determinations was used. 
With the temperature of the stock solutions in equilibrium with that of the 
constant temperature bath, the solutions are transferred from the stock 


_ bottles to the plastic reaction cup in the order of (1) 5 ml. of distilled water, 
_ (2) 5 ml. of acetylcholine bromide, (3) 5 ml. of alkali solution, and (4) 1 ml. 


of serum. The solution is rapidly mixed by rotation in the cup, which is 
immediately placed in the constant temperature bath, and the electrodes 
are lowered into the cup. The extended arm of the pH meter is set at 
8.200 and, by brief intermittent depressions of the pH dial button, the 
solution is allowed to approach a value of pH 8.200 as indicated by the 
correction dial hand approaching the zero point on the scale. When the 
hand is within 1 small scale division of the zero point, the button is locked 
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down and the instant the hand passes under the hair a stop-watch is set in 
motion. The button is then unlocked, the arm set at pH 7.800, and a sim. 
ilar technique used to determine the instant the hand again passes the hair, 
at which time the watch is stopped and the time recorded. 

In making a series of determinations, the importance of thorough wash- 
ing of the electrodes between runs cannot be overestimated. Washing by 
means of a wash bottle operated under a low air pressure, followed by thor- 
ough drying with a soft grade of tissue, was found satisfactory. 

With this technique, it was commonly possible to secure four to eight 


consecutive results which did not deviate from the average by as much as | 


1 second when the time values were of the order of 200 seconds, and to re- 
produce the values for the same serum at a later time. For the establish- 
ment of the correction factors described later, an average of such a consis- 
tent series of results was used in each case, reducing errors, we believe, to 
within a very small fraction of 1 per cent. 

Determination of Correction Factor for Use of Solutions Deviating in pH 
from Standard—Deviations in time will result from deviations of pH of the 
starting solutions from the standard. These deviations rise from one or 
both of two factors: (1) variations in the concentration of acetylcholine 
remaining at the starting pH of 8.200 and (2) variations in the concentrs- 
tions of reaction products which might act as inhibitors of the enzyme. 
These factors have been studied quantitatively and a corrective factor de. 
termined which permits the use of solutions which deviate slightly from the 
standard pH. 

The inhibitory action of halide ion is small. Replacement of the 5 ml. 
of water in the standard substrate with 5 ml. of 0.1 m sodium chloride gave 
an increase in time (enzyme inhibition) of only 1.4 per cent, and the use of 
an equivalent amount of sodium bromide gave an increase of only 1.57 per 
cent. It seems clear that the slight difference in concentration of halide 
ion at the starting pH of 8.200 due to slight deviations in pH of the start 
ing solutions is negligible in so far as enzyme inhibition is concerned. 

The inhibition produced by replacement of varying amounts of the sub- 
strate water with 0.1 m sodium acetate is shown in Curve A of Fig. 2. This 
slight inhibition is entirely accounted for in terms of additional hydroxyl 
ions formed by hydrolysis, and it may be concluded that acetate ion has 
little or no inhibiting action on the enzyme. The inhibition by choline 
chloride and by equimolecular mixtures of choline chloride and sodium 
acetate are shown by Curves B and C respectively of Fig. 2. It is appar: 
ent that the major inhibiting factor among the reaction products is choline 
ion. 

Serum is a well buffered solution. Its pH will nevertheless rise slightly 
with loss of carbon dioxide. Fortunately, however, the buffer action i 
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far from efficient under the conditions of the assay, and such residual action 
as is present is evidently rather constant from one sample of serum to 
another, even if the serum is secured from different animals. Also, the 
loss of carbon dioxide is essentially negligible over long periods if the serum 
is stored in an ice box and shaking is avoided. Small deviations in the pH 
of the acetylcholine solution used have relatively minor effects on the pH 
of the substrate mixture. Hence it has seemed most practical to evaluate 
a corrective factor for deviations in the pH of the mixture of 1 ml. of serum 
and 5 ml. of the substrate alkali from some arbitrary standard. Since a 
mixture of 1 ml. of serum and 5 ml. of substrate alkali, initially described 
n this paper, has a pH close to 8.70, this value was taken as standard. It 
s assumed that the acetylcholine solution used has been recently prepared 
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M1. OF SOLUTION REPLACING 
WATER IN.STANDARD SUBSTRATE 
a 
° 
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Fia. 2. Inhibiting effects of (Curve A) sodium acetate, (Curve B) choline chlo- 


ride, and (Curve C) an equimolecular mixture of sodium acetate and choline chlo- 
ride on serum esterase. 


from purified materials and the pH adjusted to a standard pH value of 6.0 
within 0.1 pH unit. 

Two series of determinations were made on each of a number of serum 
samples from different sources, the first series having pH values lower than 
those of the second. The results are presented in Table I. From these 
data, a time correction factor of 1.6 per cent for a deviation of 0.1 pH 
unit is calculated. This correction is added for pH values below 8.70 and 
subtracted for those above pH 8.70. With the establishment of this cor- 
rection factor, it is unnecessary for the alkali to be exactly pH 8.80, as 
suggested previously. Nor is it even necessary that alkali of the same pH 
be used on two different samples of serum in order to obtain reliable com- 
parative activities. It is only necessary that the pH of the mixture of 1 
ml. of serum and 5 ml. of the alkali used be known. It remains important, 
however, that the alkali shall be made up as originally described from a 
mixture of sodium carbonate and sodium bicarbonate and that the pH of 
the mixture of serum and alkali shall not deviate greatly from the arbi- 
trary standard 8.70. 


Determination of Correction Factor for Deviations in Temperature—Since 
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it is often more convenient to make determinations at temperatures other plo 
than 24°, and since in making a series of determinations the temperature use 
for a given run may deviate slightly from this standard, an evaluation of atu 
the temperature correction factor was made. Initial efforts to check this s 
factor over a wide range of temperatures did not prove practical, because uni 
it was found much more difficult to obtain consistent results at either high as | 
or low temperatures. It was decided that the data would be more valid if y, 
confined to the range between 22-26°. With a common sample of serum, Alk 


three series of determinations were made at 22°, 24°, and 26°. Values of 


Tasie I 
Effects of Deviations in pH of Starting Solutions on Time 
































Per cent 
as : . : . | diff i 
FO Source — Time ——_ in Ditemers in _ tie Der 
-1 pH unit 
deviation 
sec. Sec. 
1 Horse 8.67 225.6* F 
1 “ 8.88 235.0* — ss sist: peril 
2 es 8.70 279 .4f resp 
9 re 8.90 306.9+ 0.20 9.5 1.61 
3 3 8.79 251.4f pro 
3 cé 9.94 256.4t 0.15 5.0 1.33 sam: 
4 Human 8.74 226.7* 
4 « 8.83 229 .7* 0.09 3.0 1.47 
Average % difference in time per 0.1 pH unit deviation in pH of 
mixture of serum and alkali from pH 8.70..................... 1.6 whet 
the 
* Average of two consecutive consistent results. ‘ 
+ Average of four consecutive consistent results. a 
¢ Average of three consecutive consistent results. The 
by tl 


226.8, 212.0, and 198.7 seconds respectively were obtained, each being an 
average of four or more readings which did not deviate from the average by 
more than 1 second. If the logarithm of the reciprocal of time is plotted 
against the reciprocal of temperature, the above data give three points} A ny 
which fall almost exactly on a straight line. Such a straight line relation} time 
is to be expected from the Arrhenius equation for the kinetics of enzyme} hydr 
action as a function of temperature (6). The above data indicate thatthe} droly 
Arrhenius equation describes the behavior of this enzyme system under} of eq 
the circumstances tested. facto 
A series of points on this line was selected arbitrarily and converted to} chan, 
the corresponding values representing the relation of time and tempera f be go 
ture. The graph of Fig. 3, in which the temperature correction factors} range 
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plotted against temperature, is based on this set of converted values. By 
use of this graph, it is possible to convert times of determinations at temper- 
atures other than 24° to the corresponding time at standard temperature. 

Suggested Unit of Esterase Activity—It is suggested that the number of 
units of activity of any given sample of serum or enzyme solution be taken 
as 10,000 X 1/T at standard conditions. 

Attempt at Determination of Correction Factor for Hydrolysis Produced by 
Alkali—The activity of any given sample of serum esterase is inversely 


1.07 
5 105 
< 1.03 
1.01 
99 
97 
95 
% > 
22° 23° 24° 2° 26 
ce 
Fic. 3. Time correction factor as a function of temperature. To convert the ex- 
perimental time to time at 24°, multiply the experimental time by the factor cor- 
responding to the experimental temperature. 





CORRECTION 





proportional to the time for determination. The relative activity of two 
samples, a and b, is then represented by the equation 


ke 1/7. 


ke W/Te (1) 


where k, and ky are the activities of Samples a and b, and T, and T, are 
the times of determination for a and b respectively. However, a small 
amount of the hydrolysis can be attributed to the action of the alkali. 


The true relative activity of the enzyme samples would then be represented 
by the equation 


ke _ (/Ts — 1/Ts) 


kp (1/T, — 1/T2) (2) 


A number of attempts were made to establish the value of T'2, which is the 
time required to change the pH through the range 8.200 to 7.800 by the 
hydrolysis action of the alkali alone. It was found that after partial hy- 
drolysis the reaction becomes so slow that interfering factors, such as loss 
of carbon dioxide, alkali dissolved from the electrodes, and possibly other 
factors, leave the reaction mixture at an equilibrium without further 
change. Through the range of pH 8.200 to 8.100, the time was found to 
be some 60 times as long as for that of the enzyme plus alkali over the same 
range. The calculated value of 3} hours for 7: on the basis of these data 
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is obviously far too small. To date we have not found it possible to deter- 
mine experimentally the value of 72 with any degree of accuracy. Our 
best estimate is in excess of 14 hours. Granting that this is an acceptable 
approximation, it follows that the relative activity of Samples a and 6 will 
be essentially the same whether Equation 1 or Equation 2 is used, unless 
the activity of a or b is very small. Until a more exact determination of 
Tz can be obtained, it is suggested that the alkali under standard condi- 


tions be considered as having an activity of 0.2 unit (10,000 X 1/50,000), | 


which should be subtracted from the number of units of activity of any 
given sample as defined in the preceding paragraph. Unless highly ac- 
curate work is being attempted, this factor can be neglected. 

Stedman et al. (2) were of the opinion that the action of the alkali at pH 
7.4, and presumably at 37°, was negligible, while Alles and Hawes (8) con- 


cluded that above pH 8.0, and presumably at 37°, the action of the alkali 
was a significant factor. It is doubtful whether the blank value for the [ 
alkali hydrolysis from the less accurate continuous titration method, as | 


given -by Alles and Hawes, can be taken as providing any data for a more 
accurate determination of this factor. 


DISCUSSION 


A number of refinements were introduced in the development of the 
method of esterase assay previously described in order to evaluate more 
exactly certain correction factors. Once these have been determined, an 
apparatus for doing acceptable work (-1 per cent allowable error) can be 
simply provided. We believe that some arrangement should be made 


whereby it is possible to set the pH meter hand with reproducible | 
accuracy. It should be remembered that for comparative assays it is | 
reproducibility of settings which is significant. The extension electrodes | 
and the thermostatically controlled water bath are not essential parts of | 


the apparatus. A simple bath without provision for temperature control 
will serve to hold the temperature of the reaction mixture rather constant 
through a single run. It is not necessary that all determinations in a 


series be made at exactly the same temperature, since it is possible by use | 
of the graph in Fig. 3 to correct each in turn to standard. Even | 


if changes of temperature of a few tenths of a degree occur during a deter- 
mination, it is possible to take a reasonable average without introducing a 
very significant error. 

We consider the use of a plastic or similar reaction vessel a point of 
some importance, especially when times of determinations extend beyond 
200 to 300 seconds. Since it is possible to correct for deviations in pH of 
the alkali used, the use of rubber bottles to maintain a constant pH is not 
necessary. The pH of the stock alkali should be checked before each 
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ter- determination or series of determinations. The need for the cover to the 
Our — reaction vessel will depend on laboratory conditions. It is so readily pro- 
able vided that it is recommended as part of the standard apparatus. 

will Results cannot be more accurate than the volumetric measurements. 
less Here again, in comparative assays, it is more important to have repro- 
n of ducible volume measurements than that these volumes shall be of some 


ndi- exactly specified value. Initial use of graduated pipettes and burettes 
00), was eventually abandoned, as was also the use of automatic pipettes, for 
any | which a high degree of volume reproducibility was claimed. We found 
-ac- | that the consistent use of ordinary transfer pipettes served the purpose 


best. Of the volume measurements, that for the serum is of the greatest 
t pH } significance. Errors in volume measurement of serum will introduce 
con- | errors of equal percentage value in the results, since the activity of serum 
kali | esterase is proportional to concentration (3). Attempts to reduce this 
r the | error in serum measurement by dilution of the serum and by use of a 
d, as} larger volume were not found practical. Dilution of the serum caused a 
more | gradual formation of precipitate which carried with it part of the activity 
of the enzyme. This could no doubt be prevented by the use of normal 
saline as a diluent instead of water, but the use of larger amounts of salt 
in the standard substrate would then call for further correction, and the 
f the | procedure was presumed to be of doubtful value. The ultimate in accu- 
more | racy can be attained by weighing each sample of serum and correcting to a 
d, an} standard volume of 1.000 ml. 
an be The use of a total volume as large as 16 ml. for the reaction mixture no 
made | doubt has some disadvantages, but we believe these are more than offset 
ucible | by the greater accuracy of determinations. 5 ml. of water are included 
; it is} in the substrate in order to make possible its replacement in part or in 
trodes |. whole by solutions whose inhibiting properties it is desired to check. 
rts of |} A starting alkali of pH 8.80 and a pH range of 8.200 to 7.800 were se- 
ontrol | lected because these provide a suitable lapse of time after mixing the sub- 
nstant | strate and enzyme before the starting pH is attained, without prolonging 
s ina} this period unnecessarily. Since the starting alkali solution is made up 
by use | largely of sodium bicarbonate with only a small amount of the carbonate, 
Even} the initial part of the reaction involves a rapid change of pH, due to con- 
_deter- | version of carbonate to bicarbonate, only a small fraction of the acetylcho- 
icing’ | line substrate being used up in this predetermination period. 
The question may be raised as to how it is possible to use a pH meter 
oint of | for which +0.01 pH unit is considered the limit of accuracy and secure 
beyond f results for which claims of accuracy within a small fraction of 1 per cent 
. pH of f can be made when the measurement is over only 0.4 pH unit range. It 
[isnot — should be noted that the method does not involve pH measurement 
re each | but rather measurement of time for a given pH change. The situation 
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is quite analogous to the technique for weighing by difference on an ana- 
lytical balance. In both cases the inherent errors are largely canceled. 
Actually the difference in time for a change from pH 8.200 to 7.800 com- 
pared to that for the change from pH 8.220 to 7.820 is not experimentally 
detectable. Furthermore, the extended arm of the meter makes possible 
a setting with an accuracy 10 times that originally provided. Occasional 
errors of 1 per cent or even more are admitted for single runs, though this 
can commonly be reduced to 0.5 per cent or less in a series of consecutive 
determinations. It is only when an average of such consistent runs is 
taken that claims for greater accuracy can be made. 


SUMMARY 


1. A method of assay of serum esterase has been devised which has 
definite advantages over methods previously described. The method is 
based on the measurement of the time necessary for a given en- 
zyme sample to change the pH of a standard substrate solution over a 
standard pH range. 

2. The method should be applicable to the assay of certain other en- 
zyme systems which liberate acid or base as a result of the reactions they 
catalyze. 

3. Correction factors for deviations in temperature and pH of the start- 
ing alkali have been established for serum esterase which permit use of 
the method under conditions other than standard, thus simplifying the 
essential features of the apparatus. 

4. Of the reaction products, sodium, chloride, bromide, and acetate ions 
have minor inhibiting action on the enzyme, while choline is a potent 
inhibitor. 
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led, CITRATE FORMATION IN VIVO INDUCED BY NON-LETHAL 
om- DOSES OF FLUOROACETATE 


me By ARTHUR LINDENBAUM, MARCIA R. WHITE, ann JACK SCHUBERT 
1 
ad (From the Division of Biological and Medical Research, Argonne National Laboratory, 


Chicago, Illinois) 


this 
itive (Received for publication, January 6, 1951) 
aire Sodium monofluoroacetate (FA) has been shown to cause an accumula- 
tion of citric acid in animal tissues both in vitro (1, 2) and in vivo (3-5). 
The mechanism of this action is intimately related to the reactions of the 
tricarboxylic acid cycle and the extraordinary stability of the C-F bond 
| has (6, 7). Bartlett and Barron (6) suggested that FA competitively inhibits 
od is acetate metabolism. That FA competes with acetate is supported by the 
_ findings (8, 9) that w-fluorocarboxylic acid esters of the general formula 
bac F—(CH2),—CO2R are toxic when n is odd and non-toxic when n is even. 
However, Liebecq and Peters (2) and Martius (10) later proposed that FA 
prere: enters the cycle in the same manner as acetate and is transformed into a 
they foreign fluoro acid, probably fluorocitric, which inhibits citrate oxidation 
and causes a subsequent accumulation of citrate. More recently Elliott 
oe: and Kalnitsky (11) have demonstrated the formation of fluorocitrate in 
se of tissue preparations incubated with oxalacetate and fluoroacetate. 
z the In previous studies in vivo (3-5) highly toxic levels of FA have been em- 
, ployed. In order to probe the mechanisms of FA action in vivo, relatively 
eee ) uncomplicated by acute toxic effects, we investigated primarily the effects 
ovens of sublethal doses of FA on citrate accumulation. 
EXPERIMENTAL 
57, 303 Female Sprague-Dawley rats, weighing 220 to 260 gm., were injected 


intravenously! or intraperitoneally! with freshly prepared aqueous solutions 
). of FA.2. The animals were sacrificed by severing the spinal cord. Tissues 
were analyzed at once for citrate content or were frozen solid immediately 
after removal and analyzed within 48 hours. Analyses for citrate (as 
citric acid) were made by the method of Natelson, Lugovoy, and Pincus 
(12). 


' In agreement with other workers (7), we have found no difference in effect be- 
tween either route of administration. 

* The sodium fluoroacetate was kindly furnished by the Monsanto Chemical 
Company, St. Louis, Missouri. The compound assayed 95 per cent FA, the princi- 
pal impurity being sodium fluoride (1 per cent). This amount of fluoride is innoc- 
uous in the dose used, since injection of 3 times this amount of fluoride alone caused 
neither death nor elevation of the citrate levels of normal tissue. 
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RESULTS AND DISCUSSION 
Determination of Non-Lethal Dose Limits 


The variable pharmacological actions of FA in different species and 
within different strains of the same species were explicitly shown in the 
comprehensive review by Chenoweth (7). He reported 5 mg. per kilo as 
LDso for albino rats. For female Sprague-Dawley albino rats we found 
that the 10 day LDso for a single intravenous injection of FA was approxi- 
mately 1.5 mg. per kilo. All rats receiving 2 mg. per kilo or more died ina 
convulsive state, usually within 1 hour. A few survived as long as 2 days, 
Rats injected with 1.0 mg. per kilo or less of FA invariably survived, al- 
though doses as low as 0.48 mg. per kilo frequently caused a transient 
state of stupor and occasionally convulsions. 


Citrate Content of Tissues in Normal and FA-Injected Rats 


A preliminary survey was made of the effect of a non-lethal dose of FA 
(0.48 mg. per kilo) on the citrate level of a large variety of tissues from rats, 
weighing 225 to 230 gm., sacrificed 6 hours after injection. The concentra- 
tion of citrate in the large tissues, namely skeleton, muscle, and blood, was 
determined in aliquot portions and converted to total citrate values from 
organ weight data given by Donaldson (13). The total citrate in the nor- 
mal rat was 60 to 100 mg. or 0.03 to 0.05 per cent of the body weight. Of 
this amount about 80 per cent was found in the skeleton, 3 per cent in the 
muscle, 11 per cent in the skin and hair, and 1.5 per cent in the gut and 
mesentery. These results are in substantial agreement with those found 
for the mouse and other species by Dickens (14). The remaining tissues 
each contained less than 1 per cent of the body citrate, the values lying in 
the ranges reported by Buffa and Peters (4) and confirmed by Potter and 
Busch (5). In the injected rat large increases in citrate content (by as 


kidney, while relatively little or no increase (2-fold or less) was noted in the 
skeleton, blood, liver, muscle, abdominal fat, skin and hair, and lungs. 
With the dose employed the over-all citrate content of the FA-treated rats 
was, within normal experimental deviation, identical with that of the nor- 
mal animals. This is, of course, reasonable in view of the preponderance 


60,000 y, while the net increase in citrate concentration of the soft tissues 
was only about 5000 +. 


Induction Period and Rate of Accumulation of Citrate 


The rate and extent to which citrate accumulated in spleen, heart, and 
kidney, after a single injection of FA, were investigated. Three dose levels 


much as a factor of 10) were found in the spleen, heart, brain, pancreas, and 


of citrate in the skeleton alone, since the total body citrate was about | 
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of FA were used, and two to four rats were sacrificed at each time interval. 
Rats given 0.48 mg. of FA per kilo were sacrificed at 5 minute intervals for 
the first 90 minutes, at 1 and 2 hour intervals up to 11 hours, and at longer 
intervals up to 49 hours. Rats given a dose of 0.75 mg. per kilo were 
sacrificed at 30 minutes, 1 hour, at 1 hour intervals up to 9 hours, and at 
nine intervals up to 42 hours. Some values for kidney were obtained with 
a dose of 1.42 mg. of FA per kilo. 
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l 
Oo 10 20 30 40 50 60 70 80 
MINUTES AFTER SINGLE INJECTION 
OF SODIUM FLUOROACETATE 
Fig. 1. Induction period and initial period of rise of citrate concentration in spleen 
and heart after injection of 0.48 mg. of FA per kilo. 


Semilog plots of the rise in citrate concentrations in kidney, spleen, and 
heart, after administration of these doses of FA, are given in Figs. 1 and 2, 
and the most important characteristics of the rate curves are summarized 
in Table I. In all three tissues an induction period preceding a sharp 
increase in the citrate levels was noted (Fig. 1). Following a dose of 
0.48 mg. of FA per kilo the induction period for the spleen was about 35 
minutes, for the heart about 55 minutes, and for the kidney about 15 

’ Delayed effects produced by FA have been observed in vitro in the inhibition of 


acetate oxidation by FA in washed rabbit kidney cortex (11), as well as with yeast 
cells (15), and in vivo relative to the appearance of toxic symptoms (7). 











588 CITRATE FORMATION IN VIVO 


minutes. There appeared to be a trend toward shorter induction periods 
with higher dosages. 
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Fig. 2. Log of the citrate concentration in spleen, heart, and kidney versus time 
after injection of sodium fluoroacetate (FA). A, 1.42 mg. of FA per kilo; @, 0.75 
mg. of FA per kilo; O, 0.48 mg. of FA per kilo. 








The high rate of increase in the citrate levels after the induction period 
was maintained for 30 to 40 minutes. Subsequently the rate decreased. 
About 5 or 6 hours after the injection of FA the citrate values in all tissues 
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ls reached maximum levels. The maximum amounts of citrate formed de- 
pended on the amount of FA administered, as would be expected from data 
presented in Fig. 3. The time at which the maxima were reached was 
nearly independent of the tissue and of the dose of FA, but each tissue 
had a characteristic rate of decrease of citrate concentration. The data 
for kidney were erratic, presumably because of variations in the amounts 
of urine present. By 40 hours after injection, the citrate values had re- 
turned to the control levels. 

It is possible that the rates of citrate formation and destruction observed 
in the spleen, heart, and kidney during the 30 to 40 minute period after 


TABLE I 


Rate and Extent of Formation and Destruction of Excess Citrate after Injection of 
Single Dose of Sodium Fluoroacetate (FA) 
































; bot Peak con- | Half time} Halftime | pate of 
Tissue D FA of — citrate | centration | of citrate q citrate | citrate 
aes reached | of citrate |formation*® “iont formation* 
peak value 
img. per kg.) min. min. y per gm. min. min. pt dg 
Spleen 0.48 ~35 350 780 <30 520 ~ 
0.75 ~35 350 1250 <25 520 
Heart 0.48 ~55 300 390 <20 260 ~4 
0.75 ~55 300 590 <20 260 
Kidney 0.48 ~15 ~280 ~360 ~100 
0.75 ~15 -~280 ~450 ~100 





* Calculated from data for the 30 minute period after the end of induction time 
(Fig. 1). 
{ Calculated from Fig. 2. 


the end of the induction period (Figs. 1 and 2, Table I) may be a measure 
of the rates of citrate production and destruction in vivo in normal tissues. 
It is not known how completely FA inhibits citrate oxidation. If inhibi- 
tion is not complete, then the data given for rate of citrate formation do 
not represent maximum values and, similarly, the data for half time of 
formation and destruction do not represent minimum values. 

Dr. Simon Black has pointed out (personal communication) that the 
maximum value for rate of citrate formation can be calculated if one as- 
time sumes that about two-thirds of the oxygen consumed by an animal is used 


» 0.7% to oxidize citrate to oxalacetate. Assuming an oxygen consumption of 20 

ml. per 200 gm. rat per minute, about 250 y of citrate per gm. of rat per 
eriod minute would have to be found to maintain the oxidative rate. The ob- 
ased. served rate of citrate formation following a dose of 0.48 mg. of FA per kilo 


ssues was found to be only about 4 y per gm. of rat per minute (Table I), or less 
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than 2 per cent of the theoretical requirement. This could indicate that 
citrate oxidation is only slightly inhibited by the dose of FA given or that 
citrate is utilized via other metabolic pathways. 

An analysis of the kinetic mechanisms underlying the present data is 
being deferred until more information is available, particularly that con- 
cerned with the parallel metabolism of FA. Such studies with C-labeled 
FA are now in progress. 


Effect of Different Dose Levels of FA on Citrate Accumulation 


Rats were injected with different doses of FA and sacrificed 5 hours 
later; 7.e., when the induced citrate values had reached a maximum. The 
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Fig. 3. Semilog plot of the effect of different doses of sodium fluoroacetate on the 
citrate concentrations in spleen 6 hours after intravenous injection. 





amount of citrate formed in the spleen (Fig. 3), as well as in the heart and 
kidney, was proportional to the dose of FA administered up to 1.5 mg. per 
kilo, the relative rate of increase being greatest up to a dose of about 0.6 
mg. per kilo. Between doses of 1.2 and 1.4 mg. per kilo the citrate levels 
in the heart and kidney increased sharply, reaching values approximately 
that of the spleen. This is of interest, inasmuch as it is only with amounts 
of FA greater than 1 mg. per kilo that the effects of FA on Sprague-Dawley 
rats are fatal. 


In another experiment, involving larger dose levels of FA, the rats were | 
sacrificed at 1 hour (Table II). Above a dose of 1.5 mg. per kilo the | 
tissue citrate levels were erratic and never exceeded those reached with a | 
dose of 1.4 to 1.5 mg. per kilo. It is probable that above this dose meta- | 
bolic processes other than those involved in the tricarboxylic acid cycle are | 
also interrupted. Buffa and Peters (4) found no simple relation between | 
dose of FA and citrate levels, but this was to be expected since the smallest | 
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amount of FA they employed was 5 mg. per kilo, corresponding to the LDs5o 
for their strain of rats. 

Sprague-Dawley rats evidently cannot survive a dose of FA that causes 
the citrate concentration of the spleen, heart, and kidney to exceed 1.7 mg. 
per gm. of fresh tissue (~0.2 per cent by weight). Recently V. R. Potter 
and his associates have studied the effects of FA in Holtzman white rats 
in doses ranging from 0.3 to 50 mg. per kilo (16). Their findings are in 
substantial agreement with ours except that the citrate levels attained by 
their animals 3 hours after administration of 3.5 mg. per kilo exceeded 




















TaB_e II 
Relation between Dose of Sodium Fluoroacetate (FA) and Citrate Accumulated in 
Tissues 
Rats sacrificed 1 hour after intraperitoneal injection. 
Amount of citrate in tissues 
Dose of FA 
Spleen Heart Kidney Liver Blood 
mg. per kg vy per gm. v ber gm. vy per gm. y per gm. | y per gm. 
0 50-80 20-40 15-50 7-15 18-30 
0.1 52 43 46 21 
0.25 120 51 53 12 
0.50 250 170 17 
1.0 440, 450 200, 370 240, 540 11 
1.5 510 350 910 
2.0 410, 506 342, 457 170, 640 28, 33 40 
580, 580, 615 | 470, 530, 570 | 750, 911, 990 
3.0 | 340, 510, 540 | 440, 510, 550 | 320, 480, 880 21 45 
4.0 | 480, 520, 610 | 750, 800, 860 | 710, 1210, 1340 | 33 60 
5.0 350, 370, 400 | 260, 490, 720 | 220, 270, 330 27, 52 92 
6.0 830, 850 860, 1050 1310, 1480 39 
7.0 | 580 820 580 15 

















those reported here. This is presumably due to the capacity of their 
animals to tolerate higher doses of FA. 


Effect of Repeated Doses of FA on Citrate Levels 


One of the purposes of these studies was to ascertain whether any change 
occurs in the capacity of rat tissues to form citrate after repeated injec- 
tions of a non-lethal dose of FA. Rats were given a daily dose of 0.48 
mg. of FA per kilo intraperitoneally for 6 or 14 days. After 6 days some 
were injected with one dose of 6 mg. of FA per kilo, and after 14 days 
some were given 2 mg. per kilo. There was no development of tolerance 
to lethal doses as reported by other workers (7, 17). The citrate levels 
produced by a single dose of FA were essentially unaffected by as many 
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as fourteen previous daily injections of FA (Table III). Further, the 
change in citrate levels after administering 2 and 6 mg. of FA per kilo 
was also unaffected by previous injections. It may be concluded that, 
if there is a cumulative effect resulting from fluoroacetate poisoning, it is 
at least not reflected in the concentration of tissue citrate. 











Tas.e III 
Effect of Repeated Intraperitoneal Injections of Sodium Fluoroacetate on Accumulation 
of Citrate 
Citrate content of tissue 
No. of preparatory | Terminal doset | fine of peri, 
Spleen Heart Kidney 
mg. per kg. hrs. 7 per gm. y per gm. y per gm. 
None None 50-80 20-55 15-50 
2 ae 6 516 363 213 
3 ss 6 284 228 260 
4 6 240 163 212 
5 ee 6 447 187 100 
6 a 6 428 238 88 
“| - 6 468 123 142 
8 es 6 571 211 113 
9 5 6 597 9 26 
10 de 6 184 125 
11 es 6 331 9 23 
13 oi 6 398 112 113 
14 ie 6 528 219 224 
6 1 165 35 34 
6 6.0 1 387 895 761 
None 6.0 1 328 830 909 
14 None 24 113 56 34 
14 2.0 1 589 542 751 
None 2.0 1 543 559 493 




















* A single preparatory dose of 0.48 mg. of FA per kilo was given daily. 
{ The large terminal dose of 6.0 mg. of FA per kilo was given 48 hours after the 
last preparatory dose, and that of 2.0 mg. of FA per kilo was given 24 hours later. 


These results indicate that it is possible to maintain safely about a 10- 
fold increase in citrate levels in rat tissues over relatively long time in- 
tervals. It is possible that this phenomenon may provide a useful ap- 
proach to the study of equilibria and rate processes involving the 
tricarboxylic acid cycle. The findings may also be of value in efforts 
aimed at accelerating the removal of radioelements lodged in the spleen 
and other organs, as well as in elucidating the réle of the tricarboxylic 
acid cycle in radiation sickness. 
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the | SUMMARY 
cilo 
at, 
t is 


1. The formation of citrate in tissues of mature Sprague-Dawley rats, 
after injection of single non-lethal doses of sodium monofluoroacetate (FA), 
has been studied, particularly in the spleen, heart, and kidney. 

2. The maximum non-lethal dose of FA was 1.0 mg. per kilo. The 
10 day LDso was about 1.5 mg. per kilo, and 2.0 mg. per kilo killed all rats. 

3. With the tissues and doses studied there was an induction period of 
15 to 55 minutes preceding a sharp increase in citrate levels. 
ae 4. The amount of citrate accumulated in the tissues 1 hour after FA 
administration was proportional to the dose, reaching a maximum at about 
ty 1.5 mg. per kilo. Higher doses of FA gave erratic results. 
ah 5. Citrate concentrations of spleen, liver, and kidney reached a max- 
afi imum at 4 to 6 hours after injection of 0.48 or 0.75 mg. of FA per kilo 
and descended to control levels by 40 hours. 

6. The rate of decrease of excess citrate varied with the tissue, while 
the time at which the peak citrate levels was reached was nearly inde- 
pendent of the tissue and the dose of FA. 

7. The effect of FA on citrate levels was unchanged in rats given a daily 
injection for 14 consecutive days. 


tion 
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THE METABOLISM OF RADIOACTIVE NICOTINIC ACID AND 
NICOTINAMIDE* 
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MARION H. CORSON 


(From the Los Alamos Scientific Laboratory of the University of California, Los 
Alamos, New Mexico) 


(Received for publication, December 4, 1950) 


The metabolism of nicotinic acid and nicotinamide has been repeatedly 
investigated, and some of their metabolites in the urines of different animal 
species have been isolated and identified (1-3). In addition to the acid 
and amide forms of the vitamin, the presence of N'!-methylnicotinamide, 
nicotinuric acid, and N'-methyl-6-pyridone-3-carboxylamide has been es- 
tablished in the urine of animals fed either nicotinic acid or nicotinamide. 
Much of the work described in the earlier literature regarding trigonelline 
(3, 4) was shown actually to pertain at least in part to N}-methylnicotin- 
amide (5, 6). Recently Huff and Perlzweig (7) and Ellinger and Abdel 
Kader (2) could not demonstrate the presence of trigonelline as a metabo- 
lite of either nicotinic acid or nicotinamide. 

The synthesis of radioactive nicotinic acid and its amide labeled with 
C* in the carboxyl position (8) has made possible the study of the urinary 
metabolites in high dilution by means of radioautographs of filter paper 
chromatograms. 

In this paper the presence of six and the identity of five metabolites are 
recorded for the following animal species: dog, rat, mouse, and hamster. 
Respiratory C“O, previously reported for the mouse (9) has been ex- 
tended to include the other three species. 





EXPERIMENTAL 


Female mice of the CF1 strain, weighing approximately 25 gm., male 
rats of the Sprague-Dawley strain, weighing 100 to 125 gm., and hamsters 
weighing 50 to 60 gm. were injected intraperitoneally with 20 mg. per 
kilo of radioactive nicotinic acid or nicotinamide having a specific activity 
of 40 ue. per mg. The animals were placed in all-glass metabolism cages 
for the collection of urine, feces, and CO, samples (9). The stock animals 
had been maintained on standard diets of Purina laboratory chow in 
pellet form. In addition, lettuce and greens were given ad libitum to the 
hamsters. No evidence of any avitaminosis was present in the animals 


* Work done under the auspices of the Atomic Energy Commission. 
} Present address, Presbyterian Hospital, 622 West 168th Street, New York 32. 
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studied. In order to maintain urine of high concentration, no water was 
given during the 24 hour experimental period. A female dog, weighing 
10.4 kilos, was injected with 25 mg. of non-radioactive nicotinic acid in- 
tramuscularly 2 days before the experiment to insure against any nicotinic 
acid deficiency, although no symptoms were apparent. Just prior to 
the experiment an indwelling bladder catheter was inserted, and the animal a 
was kept restrained. The bladder was evacuated and 20 mg. of C% 
nicotinic acid were administered by intravenous injection. Specimens of , 
the urine were collected frequently by catheterization during the next 24 

hours. 4 minute samples of exhaled CO, were obtained at frequent time 
intervals after the injection. The samples were collected over water with 
a modified United States Army gas mask. 8 days after the nicotinic 
acid experiment, 25 mg. of non-radioactive nicotinamide were injected 
into the same animal, and 2 days after this preliminary dose 20 mg. of 
radioactive nicotinamide were injected intravenously. Samples of urine 
and respiratory CO2 were collected as described above. 

Chromatographic Methods—Approximately 3000 disintegrations per sec- 
ond, corresponding to 0.01 to 0.1 ml. of fresh radioactive urine containing 
the mixture of metabolites, were placed in a transverse band on a strip 
of Whatman No. 1 filter paper 2 KX 42 cm. Chromatograms were de- 
veloped in n-butanol saturated with water. Radioautographs of the strips 
were prepared by placing the chromatograms in contact with “blue brand” 
x-ray film in casettes for a 6 day period to allow the f-rays of C" to ex- 
pose the film. Preliminary radioautographs of pooled mouse urine indi- 
cated a maximum of six radioactive metabolites following an injection 
of labeled nicotinic acid (corresponding to Bands 1 to 6 in Fig. 1). Injec- 
tion of nicotinamide showed predominantly Bands 1, 3, 4, 5, and 6 with the 
occasional appearance of Band 2 in low concentration. In order to elimi- 
nate the possible existence of more than the six metabolites found with 
the butanol-water system, each band was eluted and subjected to indi- 
vidual chromatographic analysis with the following solvent systems: (a) L/ 
hexanol-ethanol (2:1) saturated with water, (b) n-butanol saturated with 
3 per cent ammonium hydroxide, (c) n-butanol-acetone (3:1) saturated | 
with water, (d) s-collidine saturated with water. None of the six bands was 
resolved into more than one component, thus indicating the presence of | 
only six radioactive metabolites in the urine of animals injected with urit 
carboxyl-labeled nicotinic acid or nicotinamide. yoni 

Identification of Metabolites—Identification of the various metabolites . 
of nicotinic acid and nicotinamide and the corresponding position of their - 
radioactive bands on the chromatographic strips were established as follows: nie 

An inert compound suspected of being a metabolite was added to radio Ban 
active urine and a chromatogram with a corresponding radioautograph 
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then made of the solution. After development, the filter paper strip was 
cut transversely into 5 mm. sections, each of which was eluted with water 
and analyzed qualitatively for the added compound (7, 10, 11). In this 
way the position of the inert compound on the filter paper strip was com- 
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Fic. 1. Radioautographs of chromatographic strips, showing the appearance of 
urinary metabolites in mouse urine during various time intervals after intraperi- 
toneal injection of C'-nieotinic acid and C'-nicotinamide. 1A, 0 to 1 hour: 8A. 
1 to9 hours; 3A, 9 to 123 hours; 44, 134 hours after injection. 1B,0to1 hour; 2B, 
| to 2} hours; 3B, 2} to 113 hours; 4B, 113 to 214 hours; 5B, 21} to 241 hours after 
injection, Band 1, N'-methylnicotinamide; Band 2, nicotinurie acid: Band 3. 
nicotinic acid; Band 4, unknown; Band 5, N!-methyl-6-pyridone-3-carboxylamide; 
Band 6, nicotinamide. 
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pared with those of the bands on the radioautograph. Band 1 was there- 
fore identified as N'-methylnicotinamide, Band 2 as nicotinuric acid, Band 
3 as nicotinic acid, Band 5 as N'-methyl-6-pyridone-3-carboxylamide, and 
Band 6 as nicotinamide (Fig. 1). Spot tests made on duplicate chromato- 
grams also demonstrated visually the correspondence of the positions of 
the added compounds to those of the bands on the radioautograph. Iden- 
tification of nicotinic acid (Band 3) was further established by two other 
methods. (a) A filter paper chromatogram was cut into 4 cm. sections 
and placed on the surface of agar “‘pour plates” containing Lactobacillus 
arabinosus and a nicotinic acid-deficient basal medium (12). Growth oe- 
curred only around Band 3. (b) Radioactive nicotinic acid was added 
in large excess to the urine containing the radioactive metabolites. Radio- 
autographs of chromatograms developed with this urine showed a marked 
increase in intensity, corresponding to the position of Band 3. Similarly, 
addition of radioactive nicotinamide to the above urine markedly in- 
creased the intensity of Band 6. 

The identity of the compound corresponding to Band 4 is unknown at 
present. Addition of inert trigonelline to radioactive urine failed to es- 
tablish Band 4 as that of trigonelline. Its position on the chromatogram 
was found to be between Bands | and 2, with some superimposition when 
identified by its colorimetric reaction with 12 nN KOH. In none of these 
experiments was trigonelline shown to be produced from either nicotinic 
acid or nicotinamide. 

Kinetics of Urinary Metabolite Excretion—Samples of urine collected 
during various time intervals after injection of C'-labeled nicotinic acid 
and nicotinamide were assayed for total activity. Aliquots of each sam- 
ple equivalent to 300 counts per second were placed on filter paper strips 
and chromatograms developed in a butanol-water system as described pre- 
viously. Radioautographs were made of each strip, the exposure and 
developing times and conditions being kept constant. The relative per 
cent abundance of the various metabolites excreted during the various time 
intervals studied was determined as follows: 

The first method consisted of visual comparison of the relative densities 
of the exposure bands of the radioautographs corresponding to the various 
metabolites. The results are shown in Fig. 1. 

The second method consisted of cutting out the corresponding areas on 
the filter paper chromatogram strip and counting the corresponding ac- 
tivities with a Geiger counter. The data in Table I show the relative 
distribution of radioactivity among the various metabolites in the urine 
of the dog, rat, hamster, and mouse during the 12 to 24 hour period follow- 
ing the injection of C'-nicotinie acid and nicotinamide. 

Respiratory COs 





Samples of respiratory CO: were collected from all 
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species. ‘The COz was converted to BaCOs, which was plated onto oxidized 
copper disks, counted with a Geiger-Miiller tube, and the results corrected 
for absorption by the method of Yankwich et al. (13). Total CO2 was 
collected for all species except the dog. For the dog the values reported 
were obtained by taking six 4 minute CO, samples between 1 minute and 
24 hours after injection and integrating under the curve to obtain the 
total C“O. output during a specific time interval. The total per cent of 
administered activity excreted as CO, following the administration of 
labeled nicotinic acid to mice, rats, hamsters, and a dog is shown graphi- 
cally in Fig. 2. The CO: output following administration of labeled 
nicotinamide to the same dog is also given. 


TaBLeE [| 


Relative Per Cent Distribution of Radioactivity among Urinary Metabolites of 
C-Nicotinic Acid and C'4-Nicotinamide 12 to 24 Hours after Injection* 






































C%.Nicotinic acid C-Nicotinamide 
Chromatogram band No. and 
metabolite 
Dog Rat _ Mouse | Dog Rat —_ Mouse 
1. N}-Methylnicotinamide....| 94 56 23.6 | 13.6 | 94 73.5 35 20 
2. Nicotinuric acid...........| 1 10.5 | 2.8 | 24.8} 0.5] 0 0 0.5 
3. Nicotinic acid............ 0.3] 6.3 | 24.5 | 37.2; 1 5.5 | 17 | 36.2 
BP UTERO WIA 05-4: shsi0:0s eee 0 11.9 | 13.0 +0 1 3.6 13 9 
5. N!-Methy]-6-pyridone-3- 
carboxylamide.......... 2 11.9 | 10.6 | 11.6 2.5 | 12 10 20 
6. Nicotinamide............. | 2.4 3.5 | 25.5 Gor 1 5.6 25 14.3 





*The results represent averages from one dog, three rats, two hamsters, and 
four mice. 


DISCUSSION 


Although none of the metabolites was isolated from the urine follow- 
ing the injection of labeled nicotinic acid and nicotinamide into the vari- 
ous species, application of filter paper chromatograms made the identities 
of N'-methylnicotinamide, nicotinuric acid, nicotinic acid, N'-methyl-6- 
pyridone-3-carboxylamide, and nicotinamide quite certain. An unknown 
metabolite (Band 4) has not been identified. However, it was shown 
not to be trigonelline. The occurrence of trigonelline as a metabolite of 
nicotinic acid and nicotinamide could not be demonstrated. This is in 
conformity with the recent work of Huff and Perlzweig (7) and Ellinger 
and Abdel Kader (2). The proximity of the unknown compound to the 
§-pyridone (Band 5) in all solvent systems raises the possibility of its 
being the 2-pyridone of N'!-methylnicotinamide described by Holman and 
de Lange (14). The exact identity of this compound, however, has not 
been established. 
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Following the injection of nicotinic acid, the relative densities of the 
exposure bands (Fig. 1) showed that nicotinuric acid (Band 2) was formed 
as a rapid detoxification product. The amount of nicotinuric acid de. 
creased rapidly with increasing time after injection, as did the relative 
amount of nicotinic acid (Band 3). However, the relative amounts of 
N'-methyl-6-pyridone-3-carboxylamide (Band 5) and _ nicotinamide 
(Band 6) increased. Following the injection of nicotinamide, the relative 
amounts of nicotinic acid and N'-methyl-6-pyridone-3-carboxylamide in- 
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Hours after Injection 
Fig. 2. Excretion of CO, following administration of C'-nicotinic acid and 
C4-nicotinamide to various species. Mouse, average of nine animals; rat, average 
of seven animals; hamster, average of six animals; dog, one animal. 


creased with time, while nicotinamide decreased with time and nicotinuric 
acid was absent. 

For all species the first urine collected after the injection of nicotinic acid 
contained a relatively high per cent of nicotinuric and nicotinic acids 
and only a small per cent of the other urinary metabolites. The amount 
of nicotinuric acid in the urine decreased rapidly with time and after 24 
hours less than 5 per cent of the total radioactivity was excreted in this 
form. This finding is contrary to that of Ellinger and Abdel Kader (2), 
who could not demonstrate the presence of nicotinuric acid after adminis- 
tration of nicotinic acid to animals. Huff and Perlzweig (3) showed that 
very little if any nicotinuric acid was found in the urine of rats fed either 
nicotinic acid or nicotinamide. 

The injection of nicotinamide into the various species was followed by 
a more rapid appearance of the various urinary metabolites, nicotinurt 
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the | acid appearing in only trace amounts (less than 0.5 per cent). Otherwise 
ned the products formed were identical with those following nicotinic acid 
de- injection. 

tive There is a quantitative difference among the species examined as to the 
8 of distribution of radioactivity in the various compounds appearing in the 
nide urines of the dog, rat, hamster, and mouse 12 to 24 hours after the intra- 
tive peritoneal injection of C'*-nicotinic acid and nicotinamide. Qualitatively, 
> in- however, all species produced the same known metabolites and thus may 


be assumed to have the same enzyme systems. The factors determining 
the proportions of the various metabolites are unknown. 

Although there was a quantitative variation in the production of COs, 
it was found to be present in the expired air of all species studied (Fig. 2). 
Carbon dioxide therefore must be added to the list of known metabolites 
of nicotinic acid and nicotinamide. 


SUMMARY 


Six urinary metabolites were demonstrated after the injection of 
radioactive nicotinic acid or its amide by the technique of filter paper 
chromatography. Five of the compounds were identified as N!-methyl- 
nicotinamide, nicotinuric acid, nicotinic acid, N'-methyl-6-pyridone-3- 
carboxylamide, and nicotinamide. The sixth metabolite, corresponding 
to Band 4 of the chromatograms, is unknown but does not correspond to 
trigonelline. 

There was a quantitative, but not a qualitative, difference in the relative 
dani 4 distribution of these compounds in the urines of the dog, rat, hamster, 
verage § and mouse as a function of time after injection. All species produced 
C“O. from carboxyl-labeled nicotinic acid and nicotinamide, although 
CO. production by the various species differed quantitatively. 


inuric 
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THE EFFECT OF SUBSTANCES RELATED TO THE 
TRICARBOXYLIC ACID CYCLE UPON KETOSIS* 


By CLARISSA H. BEATTY anp EDWARD S. WEST 


(From the Department of Biochemistry, University of Oregon Medical School, 
Portland, Oregon) 


(Received for publication, January 27, 1951) 


During recent years, in vitro studies on the metabolism of fatty acids 
(1) have indicated that the oxidation of these acids beyond the aceto- 
acetic acid or activated acetic acid state proceeds through the tricarboxylic 
acid cycle. According to present in vitro evidence, the initial process in this 
oxidation involves a combination of activated acetic acid with oxalacetic 
acid to form citric acid. Through a subsequent series of oxidations and 
decarboxylations, water and carbon dioxide equivalent to the acetic acid 
are formed and oxalacetic acid is regenerated, thereby completing the 
oxidative cycle. This indicates the necessity of a sufficient quantity of 
oxalacetic acid to enable the partially metabolized products of the fatty 
acids to enter the tricarboxylic acid cycle and be completely oxidized. 
If the in vitro work is valid in vivo, the primary deficiency which produces 
ketosis may be a relative lack of oxalacetic acid, and the addition of this 
key substance or any direct precursor should decrease the amount of 
ketosis present in the animal. 

Glucose in small quantities is capable of reducing ketonuria in rats (2). 
However, the production of oxalacetic acid is only one of the many meta- 
bolic pathways open to glucose. Terrell (3) and Deuel et al. (4) were 
unable to demonstrate antiketotic effects in rats with succinic acid but 
MacKay et al. (5) reported the acid to decrease ketonuria in their rats. 
Citric acid (6) has been shown to decrease ketone body excretion in rats 
with insulin hypoglycemia. 

The work reported here was undertaken in order to study the effects 
in vivo of various oxalacetic acid precursors, especially those present in the 
tricarboxylic acid cycle, as well as oxalacetic acid itself, on ketonuria in 
rats fed butyric acid. That the zn vivo administration of a member of 
the tricarboxylic acid cycle such as malic acid may cause an increase in the 
other members of the cycle, such as a-ketoglutaric acid, has been demon- 
strated by Krebs et al. (7). 


*This work was supported by a grant from the Diabetic Research Foundation 
of Portland, Oregon. 


603 





604 TRICARBOXYLIC ACID CYCLE AND KETOSIS 


EXPERIMENTAL 12), Det 
he 24 he 
Two d 
ith the 













Rats of the Sprague-Dawley strain, 150 to 225 gm., were used through 
out. Female rats, being more susceptible to ketosis than males, were u 
in all experiments (8). 

Some rats were fasted 18 hours and others for 40 hours. Body weights 
were recorded in the morning, the animals placed in metabolism cages, and 
24 hour urine samples collected under toluene. During this 24 hour period} Total 
a ketotic state was produced by giving a 12.5 per cent solution of sodiunfs hours ¢ 
butyrate (pH 6.3) by stomach tube in four divided doses. 0.5 cc. peprlized b 
100 gm. was given at approximately 9.30 and 11.30 a.m., and at 2.p'°es | 

: ‘ ts molecu 
and 4.30 p.m. Test substances (possible oxalacetic acid precursors) wer) cose so 
administered simultaneously with the sodium butyrate in as nearly tht—— 
same volumes as possible (2 cc. per 100 gm. per 24 hours). The last part 
of the solution was washed down with water. Because many of the sub- 
stances used were strongly acid, the solutions were administered at pH 
5 to 7. The dose of test substance used was usually isomolecular with 
2 cc. of a 27 per cent glucose solution. Sodium fluoroacetate was admini 
tered subcutaneously in two divided doses at 9.30 a.m. and 2.00 p.m., the NaHC 
total dose being 0.25 mg. per 100 gm. (1.00 per cent solution). An iso clucos 
molecular amount of 8 per cent NaHCO; solution and twice an isomo 
lecular amount of 20 per cent NaCl solution were given respectively to... cin; 
two series of control animals. Amphojel was used to prevent diarrhea in malic ; 
the experimental series and comparable doses of this substance "| a-ketos 





administered to the control rats. £] 2% 
Total urine ketones, expressed as acetone, were determined by the) — 
method of Greenberg and Lester (9). Urine sugars were measured by), , 





é H+ L-aspa 
Somogyi’s method (10). 20% 

cis-Aconitic and trans-aconitic acids were synthesized according to thef+ 1-glut: 
method of Lardy (11). 227% 

+ DL-ala: 

RESULTS AND DISCUSSION om 

For a long time glucose has been known as an effective substance for} 2 cc. 

decreasing ketosis. According to the current theory of fatty acid oxida- 


ents a. 





tion, ketosis should occur when there is a relatively inadequate amount df 
oxalacetic acid present for the oxidation of ketone bodies by way of the 
tricarboxylic acid cycle. Glucose presumably acts to prevent ketosis by 
breaking down to pyruvic acid, which is then carboxylated to form oxal-* 
acetic acid. According to these principles, any member of the tricarboxylic 
acid cycle, or any substance that may enter into the cycle and produce 
oxalacetic acid, should prove effective in reducing ketosis. 

Effect of Glucose on Ketosis—In agreement with the work of Shapiro 
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12), Deuel et al. (2), and Crandall et al. (13), glucose markedly reduced 
he 24 hour ketone body excretion in the rats fed butyrate (Table I). 

Two different concentrations of glucose have been used for comparison 
‘ith the other test substances. The 27 per cent glucose solution repre- 











TaBLe | 
Effect of Oxalacetic Acid Precursors on Ketosis 


C. pet ralized butyric acid solution alone or simultaneously with the various test sub- 
t 2.0gpeances listed. The amount of test substance given was calculated on the basis of 

“tts molecular relation to a dose of 2 cc. per 100 gm. per 24 hours of a 27 per cent 
) were lucose solution. 








ly they— : 
7 Ag 8s Total dose in 
t par Tol bane Retin exten ecio’| verge: | 
e sub- solution 
at pi, a ¥ 
.,putyric acid 9.6)4.0)9.5)3.4)8.1 |9.2 |10.3]8.1/7.38 + 3.4 
r with 6.9]4.2/4.4|9.5/3.3 |4.3 15.3 
MIMISButyrie acid 
n., thet- NaHCO;, 8% 9.7|1.8/9.018.3]6.4 7.0 + 2.7 Isomolecular 
? 
‘in isoft glucose, 27% 0.5|0.50.3]0.7/0.5 |0.3 | 0.3/0.3/0.4 + 0.2 “ 
ei. 13.5% 1.4/2.8]1.6|0.6|/0.9 |2.7 | 0.4/1.6/1.5 + 0.8 | 4 isomolecular 
isomo- 1.1 
ely to succinic acid, 18% |1.4|1.0]1.012.6)3.1 0.5 1.6 + 0.3| Isomolecular 
hea M+ malic acid, 20% 0.8)1.8)1.2/1.1/2.4 |0.9 | 1.2/2.6/1.5 + 0.6 oe 
» were'- a-ketoglutaric acid, |1.6}1.9/3.9]1.1]1.5 2.0 + 1.1 ss 
cf 2% 
4-pi-aspartic acid, |2.9]1.8]1.9)1.2/0.8f/0.9f 2.0 + 0.7 “ 
yy the} " 
red by % : ‘ 
H+ L-aspartic “ 0.8|2.110.9]0.6)1.0 1.1 + 0.6 ‘ 
20% 
to the u-glutamic “‘ 0.3/0.7/0.413.010.7 10.6 1.0 + 1.0 ° 
22%, 
+ pL-alanine, 13.4% |0.7/2.0)1.3)1.7|1.2 |1.1 1.3 + 0.7 s 
































* Standard deviation. 
rce fork +2 cc. per 100 gm. of a 25 per cent solution. 


oxida: na ; 
atin rents a dose that is isomolecular with the other test substances, and de- 


of the reased the ketone body excretion to an average value of 0.4 mg. per 100 
mm. per 24 hours. Fifteen control rats, fasted 24 hours and not fed bu- 
tyrate, excreted an average of 0.31 mg. per 100 gm. per 24 hours of ketone 
dies. This value is not significantly different from the average 24 hour 
ketone body excretion of rats fed 12.5 per cent butyrate and 27 per cent 
ae However, glucose splits into 2 molecules of pyruvic acid and 
per molecule is capable of producing 2 molecules of oxalacetic acid, while 
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each molecule of test substance is capable of conversion to only 1 molecule 
of oxalacetic acid. For this reason, 2 cc. per 100 gm. per 24 hours of g 
13.5 per cent solution of glucose, equivalent in oxalacetic acid potential to 
the test substances, were also administered to the rats. The 13.5 per cent 
glucose solution decreased the ketone body excretion to an average value 
of 1.5 mg. per 100 gm. per 24 hours. 

Effect of NaHCO; on Ketosis—Since many of the test substances had to 
be administered as sodium salts, adequate controls on the Na* ion were 
thought necessary in view of reports upon the effects of this ion on carbo- 
hydrate metabolism in both normal and diabetic animals and humans 
(14). As shown in Table I, fifteen rats, fasted 18 hours and given 2 cc. 
per 100 gm. per 24 hours of 12.5 per cent butyric acid solution, excreted 
an average of 7.3 mg. per 100 gm. of ketone bodies over the 24 hour period. 
The addition of 3.1 cc. per 100 gm. per 24 hours of 8 per cent NaHCO, 
made no significant difference in the ketone body excretion (Table J). 
This amount of NaHCO; was found to be the maximum that could be toler- 
ated by the rat under the conditions of this experiment. If more NaHCO, 
was administered, the animal succumbed before the end of the 24 hour 
experimental period. 

There was a lapse of time in the experiments due to the necessity of 
synthesizing cis- and trans-aconitic acids. When the experiments were 
resumed, it was found necessary to extend the period of fasting from 18 to 
40 hours in order to produce the degree of ketosis obtained previously. 

Effect of NaCl on Ketosis—The twenty-three rats in this control series 
were given the same amount of butyric acid as those in the previous 
control series. They excreted an average of 7.4 mg. per 100 gm. per 24 
hours of ketone bodies (Table II), a value not significantly different from 
that of the previous control series (¢ = 0.03). When an amount of NaCl 
twice the isomolecular value of 2 cc. per 100 gm. of 27 per cent glucose 
solution was administered to eight of these animals, there was no signifi- 
cant change in the 24 hour ketone body excretion (¢ = 0.1). 

Effect of Substances Related to Tricarboxylic Acid Cycle upon Ketosis—On 
the basis of potential ability to form oxalacetic acid, the 13.5 per cent 
glucose solution and the constituents of the tricarboxylic acid cycle in- 
vestigated should be equally effective in combating ketosis. The data of 
Tables I and II show remarkable agreement with this postulate. Succinic, 
malic, and a-ketoglutaric acids (Table I) reduced the 24 hour ketone body 
excretion to less than 2 mg. per 100 gm. per 24 hours. 

The amino acids, aspartic acid, glutamic acid, and alanine, were equally 
as effective in decreasing ketonuria. These acids are converted by 
deamination to oxalacetic, a-ketoglutaric, and pyruvic acids respectively, 
the latter two acids being readily convertible into oxalacetic acid. The 
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ule results on DL-aspartic acid and L-aspartic acid agree with the findings of 
fa | Butts et al. (15), in which it was shown that naturally occurring amino 
I to acids are more efficient ketolytic agents than their unnatural isomers. 

ent In considering the ketolytic effects of oxalacetic and cis-aconitic acids, 
alue it is necessary to compare the results obtained on the experimental animals 
with those on a control series of rats fasted 40 instead of 18 hours. This 
d to change was necessary in order to obtain an equivalent ketosis, following a 


were | apse of several months. Oxalacetic acid is very unstable and difficult to 
ho- 















































sai Tasie II 
ee Effect of Oxalacetic Acid Precursors on Ketosis 
wn J Total ketone bodies (expressed as acetone) excreted in the urine of rats fasted 
; 40 hours and given 2 cc. per 100 gm. per 24 hours of a 12.5 per cent partially neu- 
riod. tralized butyric acid solution alone or simultaneously with the various test solutions j 
ICO; listed. The amount of test substance given was calculated on the basis of its molec- i 
e I). ular relation to a 2 cc. per 100 gm. per 24 hour dose of a 27 per cent glucose solution. ; 
toler- . . Total dose in relation 
100, Or ae es ae retin | Averages | fo dae of 27 percent 

our shane. = 

Butyric acid 2.9) 8.0)7.0/3.1)16.1/15.4) 4.0/7.4 + 4.5* 

ity of 15.7| 8.4|6.9|5.2| 6.9] 6.8] 7.7 

one 4.3| 7.7|4.2|2.8|13.7] 1.8|13.3 

6.7| 2.6 

18 to Butyric acid 
ly. — +NaCl, 20% 9.2/12.3/9.6|6.8| 3.4] 9.7| 5.0/8.0 + 2.9| 2 times isomo- 

series 8:2 lecular 
evious| + sodium ethyl oxal- | 5.8] 4.2/2.0]1.4) 5.3] 8.3] 4.7/4.7 + 2.4 | 4 isomolecular 
per 24 acetate, 10% 7.1) 5.8|2.417.7| 6.7) 2.5) 2.0 
t from + cis-aconitic acid, 2.5) 1.0)1.2/2.6) 1.1] 1.8) 1.2/1.6 + 0.6 | Isomolecular 
ier 26% 1.2 
[NaCl] + inositol, 19.5% 1.8] 1.4/2.5/4.3| 2.2) 0.8] 2.5/2.2 + 1.1 “ 
rlucose 2.1 

signifi- 


* Standard deviation. 


is—On| obtain. Therefore, it was considered advisable to see whether results 
er cet} could be obtained with sodium ethyl oxalacetate. An amount of sodium 
ycle in-} ethyl oxalacetate that was 0.5 isomolecular with the dose of 27 per cent 
data of] glucose was tried. The amount of ethyl alcohol involved in this dose did 
uccinit,| not appreciably alter the ketonuria in animals fed butyrate. Five rats 
ne body} fed butyrate and ethyl alcohol excreted an average of 9.6 + 4.1 mg. per 
100 gm. per 24 hours of total ketone bodies. The oxalacetic acid reduced 
equally} ketonuria to 4.7 mg. per 100 gm. per 24 hours. Because the dose given 
rted by} was smaller, no comparisons with the other test substances are possible. 
actively,| The ketone body excretion of six rats fed butyrate plus cis-aconitic acid 
d. The} fell below 2 mg. per 100 gm. per 24 hours. 














608 TRICARBOXYLIC ACID CYCLE AND KETOSIS 


The metabolism of inositol is poorly understood. However, this com- 
pound seems to play a part in mammalian carbohydrate metabolism (16), 
Wiebelhaus et al. (17) have shown that inositol has some antiketogenic 
effect in rats on a high fat, low protein diet. The reaction, inositol to 
glucose, has been shown to occur in rats (18). Inositol was tried on our 
ketotic animals (Table II) and markedly reduced the urinary ketone body 
excretion, probably through glucose and oxalacetic acid formation. 

Effect of Tricarboxylic Acid Cycle Inhibitors on Ketosis—The effect of 
trans-aconitic acid upon ketosis (Table III) was tried following the publica- 
tion of the work of Saffran and Prado (19) showing that trans-aconitic acid 


Tas.e III 
Effect of Tricarboxylic Acid Cycle Inhibitors on Ketosis 


Total ketone bodies (expressed as acetone) excreted in the urine of rats fasted | 
40 hours and given 2 cc. per 100 gm. per 24 hours of a 12.5 per cent partially neu- | 


tralized butyric acid solution alone or simultaneously with various inhibitors of 
the tricarboxylic acid cycle. 








. : . Dose mg. 
yim Dt hes period, mg: per 100 gm," | Average | per 100.gn 
Butyric acid 2.9/8.0] 7.0) 3.1/16.1]15.4) 4.0) 7.4 + 4.5* 
15.7|8.4| 6.9] 5.2) 6.9] 6.8] 7.7 
4.3/7.7) 4.2] 2.8]13.7] 1.8)13.3 
6.7/2.6 
Butyric acid 
+ trans-aconitic acid 1.3/1.7] 4.5] 1.7] 0.7] 0.7) 0.8) 1.7 4.1.3 340 
+ malonic acid 1.3/1.8] 1.2) 2.2] 1.1] 5.5 2.2 41.7 200 
+ sodium fluoroacetate 9.1/8 .0)10.3]15.6) 4.9]10.6)13.7) 11.4 + 4.5 0.25 
19.0 
































* Standard deviations. 


in vitro has a competitive blocking effect on the aconitase enzyme. If 
this were the only mode of action in vivo, one would expect an increase in 
ketonuria following the administration of the acid. However, the reverse 
occurred, and the ketonuria was reduced without any clinical signs of 
poisoning. A larger dose of trans-aconitic acid than the one used in Table 
III made the rats appear weak and ill, but did not increase ketone body 
excretion. Rats given a smaller dose showed ketonuria comparable to 
that produced by butyrate alone. The same results were obtained with 
malonic acid as with trans-aconitic acid. Malonic acid, like trans-aconitie 
acid, is reported to block the tricarboxylic acid cycle (20). In contrast, 
sodium fluoroacetate, which also has been shown to block the tricarboxyli 
acid cycle (21), increased ketonuria in rats fed butyrate. The anomalous 
results obtained with malonic and trans-aconitic acids suggest that, it 
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ym- intact animals fed butyrate, the major effect of these acids is not the result 
6). of blocking the tricarboxylic acid cycle. 
nic The in vivo work here reported is another link between the fields of 


/t) | enzymology and physiology, being in agreement with many experiments 
our in vitro. Stadie, Zapp, and Lukens (22) have shown that added carbo- 
ody hydrate (fructose, fumarate, lactose) decreases ketosis in cat liver slices. 
Weinhouse et al. (23) and Bobbitt and Deuel (24) demonstrated that 
t of | carbohydrate inhibits ketogenesis in rat liver slices. Lehninger (25) found 
lica- | that oxalacetic acid decreases acetoacetic acid accumulation in rat liver 
acid | enzyme suspensions. 
These experiments raise the question of the effects of the constituents of 
the tricarboxylic acid cycle and closely related compounds on diabetic 
ketosis. Glucose requires insulin to produce oxalacetic acid at a normal | 





a rate. The effect of insulin on the rate of production of oxalacetic acid 
rs of | {tom the other test substances used is unknown. An animal with an 

insulin deficiency is less efficient than the control animal in producing 
ye oxalacetic acid from glucose, but may or may not be as efficient in produc- 


0gm. | ing oxalacetic acid from compounds such as glutaric acid or succinic acid. 
Recent work has indicated that insulin is involved in the tricarboxylic 
acid cycle (26, 27), but the location and mechanism of its action are still 
uncertain. The authors know of no reported work dealing with the effects 
of the constituents of the tricarboxylic acid cycle on ketosis in animals 
made diabetic by experimental procedures. Such work is in progress at 
0 the present time in this laboratory. 

0 There are conflicting reports in the literature on the ketolytic effect of 
0.25 | succinic acid in diabetic humans. Koranyi and Szent-Gyérgyi (28) and 
Brockmiiller (29) reported such a ketolytic action in a combined total of 
——~ | eight cases, and Dunlop and Oxon (30), Lawrence (31), and MacKay et al. 
_ (5) reported no effect in decreasing ketonuria, also in a combined total of 
e. If} eight cases. In view of the variable etiology of diabetes mellitus, it is 
pase iN} possible that different factors, not yet understood, were involved in the 
eversé | different experiments. To the best of the authors’ knowledge, no work has 
gns of! as yet been done on the possible effects of any other constituent of the 


| be tricarboxylic acid cycle on ketosis in diabetes mellitus. 
> body 
ble to SUMMARY 





d with 1. The administration of various precursors of oxalacetic acid (succinic 
coniti¢ } acid, malic acid, a-ketoglutaric acid, aspartic acid, glutamic acid, alanine, 
mntrast, cis-aconitic acid) and oxalacetic acid itself caused a decrease in total 
boxylit }_ urinary ketone body excretion in rats made ketotic with butyric acid. 
malous 2. Inositol also caused a decrease in ketonuria in animals fed butyrate. 
hat, "— 3. The tricarboxylie acid cycle inhibitors, trans-aconitic and malonic 
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acid, caused a decrease in ketonuria, while sodium fluoroacetate, also a 
tricarboxylic acid cycle inhibitor, increased ketone body urinary excretion 
in rats fed butyric acid. 

4. The results reported are regarded as additional evidence supporting 
the operation of the tricarboxylic acid cycle in the intact animal, and as 
evidence in vivo for the theory of fatty acid oxidation via the tricarboxylic (Fron 
acid cycle. The data support the theory that ketosis is related to a lack 
of oxalacetic acid. 
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DE NOVO SYNTHESIS OF HYPOXANTHINE VIA 
INOSINE-5-PHOSPHATE AND INOSINE* 


By G. ROBERT GREENBERG 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, August 21, 1950) 


It is the purpose of these investigations to determine the course of events 
in the synthesis of hypoxanthine by the bird and to consider whether this 
pathway is concerned in the synthesis of purine nucleotide and polynucleo- 
tide fractions. 

Krebs and his coworkers (2)! were able to show the de novo synthesis of 
hypoxanthine in pigeon liver slices and have provided evidence that this 
purine is the precursor of uric acid in the bird. The pigeon is unique among 
birds in that its liver contains no xanthine oxidase, and thus hypoxanthine 
tends to accumulate in the isolated tissue. Since the synthesis of hypo- 
xanthine by pigeon liver is rapid, this system stands out as a potentially 
important model of the formation of purines in general. It would be de- 
sirable for purposes of such a study to employ a cell-free system. Krebs 
and his associates were unable to demonstrate de novo synthesis in liver 
homogenates, probably because of the dilution employed and the relatively 
great concomitant masking formation of hypoxanthine from the degrada- 
tion of various adenine nucleotides. 

The fundamental observation by Buchanan and his coworkers (4) that 
certain small molecules are involved in the synthesis of uric acid by the 
pigeon has facilitated the present studies. With this information it has 
been possible in this laboratory to demonstrate the synthesis of hypoxan- 
thine in cell-free pigeon liver homogenates by employing C“-formic acid, 
carbon dioxide (5), and glycine (1) to follow the reaction. 

In the course of these studies it was observed that at intermediate times 
in the reaction as much as 50 per cent of the HC“OOH disappearing from 
the reaction mixture could not be accounted for as hypoxanthine. Since 
formic acid is only very slowly oxidized by pigeon liver (6), the possibility 
existed that, the remaining radioactivity was present as intermediates in- 


* Aided by grants from The National Foundation for Infantile Paralysis, Inc., 
and the Elisabeth Severance Prentiss Foundation. The radioactive isotope em- 
ployed in these studies was obtained on allocation from the Atomic Energy Commis- 
sion. Reports of these studies have been presented at the annual meetings of the 
American Society of Biological Chemists, 1949 and 1950 (1). 

‘A short review of the historical aspects of this subject has been recently pub- 
lished by Edson (3). 
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volved in the synthesis of hypoxanthine. Accordingly, small volumes of 
the protein-free filtrate of the reaction mixture were subjected to uni- 
dimensional filter paper chromatography. Depending on the radioactive 
tracer compound and the developing solvent mixture, a number of radio- 
active fractions were separated on such paper columns. 

The present communication relates to studies with C-formate and 
presents evidence which suggests that in the de novo synthesis of hypoxan- 
thine the purine rings are completed after the introduction of a ribose 
and phosphate residue. Thus in this system inosine-5-phosphoric acid? js 
formed prior to the formation of the free purine, being converted through 
inosine to hypoxanthine. Evidence that hypoxanthine is converted back 
to inosine-5-phosphate via inosine is also presented. 


Materials 


Hypoxanthine, adenine, inosine, adenosine, and adenosine-3-phosphate 
were products of the Schwarz Laboratories, Inc. The hypoxanthine con- 
tained adenine as an impurity, together with a trace of an ultraviolet- 
absorbing compound having an Ry of 0.21 in the standard solvent mixture. 
Adenosine-5-phosphate was a commercial product (7). IMP-5 was pre- 
pared enzymatically from AMP-5 by the technique of Kalckar (8) and 
was purified as the barium salt. Its absorption spectrum corresponded to 
that given in the literature (8) and its ribose content and phosphate content 
corresponded to theory. Ribose-5-phosphate was prepared by Mr. I. A. 
Bernstein according to the method of LePage and Umbreit (9). Two prep- 
arations of 4-amino-5-imidazolecarboxamide were used. Preparation 1 
was synthesized by the method of Windaus and Langenbeck (10) by Dr. 
Everett Schultz of Sharp and Dohme. Preparation 2, which had been re- 
crystallized three times, was prepared by Dr. W. Shive and his associates 
and was obtained through the courtesy of Dr. J. O. Lampen. Both prep- 
arations showed absorption spectra corresponding to the literature (11) and 
an Ry value (Table VII) in the solvent employed which was in agreement 
with that reported by Woolley and Pringle (12). Xanthine oxidase was 
prepared according to the procedure of Ball (13) and later according to the 
modification of that procedure by Kalckar (14). Nucleoside phosphorylase 
was prepared according to Kalckar (14). Water mocassin venom was 
obtained from Ross Allen’s Reptile Institute, Silver Springs, Florida. 
Radioactive formic acid was prepared by the method of Melville, Rachele, 
and Keller (15). It was purified by steam distillation, usually twice; the 
neutralized distillate was taken to dryness on the steam bath each time in 
order to remove possible volatile reduction products of formic acid. The 


2 The following abbreviations are used: IMP-5, inosine-5-phosphate (inosinit 
acid); AMP-5, adenosine-5-phosphate; and HX, hypoxanthine. 
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s of author is indebted to Dr. W. Sakami for part of the formic acid used in 
uni- these studies. 

tive 

dio- EXPERIMENTAL 


Reaction System—The methods employed in the earlier studies have been 
and reported briefly (5). In general in the later studies, the reaction mixture 
xan- was prepared as follows: A freshly removed adult pigeon liver was washed 
bose once with a cold solution of potassium phosphate buffer, MgCl., KCl, and 
d? is KHCO;, lightly blotted, weighed in the cold, and homogenized 5 minutes 
ough with 1.5 to 3 volumes of the above solution in a Potter-Elvehjem appara- 
back tus in an ice bath. The preparation through the gassing was carried out in 
the cold room at 8°. To the main compartment of a Warburg vessel were 
added 1 ml. of homogenate and 0.2 ml. of 0.4 m KHCOs, pH 7.4, and to the 
side arm was added 0.1 ml. of Na formate solution containing 1 to 10 um 


dhate and approximately 20,000 or more observed counts of C™ per micromole 
 con- per minute. The reaction mixture was gassed for 5 minutes with 95 per 
iolet- cent O.-5 per cent CO». 

ture. The C™-formic acid was tipped into the main compartment and the re- 
} pre- action was carried out at 38°. In some experiments substrates or inhi- 


) and bitors were added td give total volumes of as much as 1.5 ml. At the end 
led to of the reaction time the process was essentially stopped by immersing the 
mntent vessel in an ice bath. Following this, 0.7 ml. of 10 per cent trichloroacetic 





I. A. acid was added to the vessel and mixed. The contents were then centri- 
prep- fuged and the supernatant fluids stored at —13° for analysis. 

‘ion | 

y Dr. Identification and Purification of Radioactive Components 

en re- The procedures described are a combination of the specific differential 


yclates |} ~~ spectrophotometric methods of Kalckar (8) and differential paper chroma- 
.prep-} tography. By the application of these procedures it is possible to approach 
1) and} the usual conditions of purity, quantitative determination, and radioactive 
sement assay. 

se was Two types of contamination of the desired compounds occur; 7.e., radio- 
‘to the} active and non-radioactive. The latter are not important, since their 
orylase} interference is overcome by determining the concentration of the radio- 
m was} active compounds by specific methods, in the present work enzymatically. 
‘lorida. | Radioactive contaminants may be circumvented by (1) rechromatograph- 
achele,} ing the fraction with various solvents and (2) changing the desired com- 
ice; the} pound so that on rechromatographing of the fraction the Rp of the deriva- 
time in} tive will be different from that of the original compound. The procedures 


|. The *10 ml. of 1.3 m KCI, 6.5 ml. of 0.08 m MgCle, 10 ml. of 0.4 m KHCO; adjusted to 


(inosinit pH 7.4 with COs, 6 ml. of 0.5 m potassium phosphate buffer at pH 7.4, diluted to 100 
ml. with water. 





p 3h 
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employed are outlined in the experimental results. In the present studies, 
the compounds concerned have been carried through such a process of 
purification after various times and under various conditions of reaction. 
Since it was not feasible to establish the purity of the component in each 
experiment, it has been assumed that if the conditions of reaction and of 
isolation were maintained relatively constant the purity of the components 
would be constant. 

In these studies with C-formate, the problem of separation and purity 
was simplified, as contamination by unrelated C* compounds apparently 
was not an important factor. Since formic acid is oxidized only slowly 
by pigeon liver (6) and since C“Q, which might be formed would be greatly 
diluted by the added bicarbonate buffer, significant radioactivity may not 
be expected to enter any fractions through the known CO, fixation reac- 
tions (16). When C"*-formate is employed as a tracer in the reactions, ether 
extraction of the paper chromatograms does not remove radioactivity, 
indicating that organic acids are not significantly labeled. With CO, 
as the labeling agent, C™ organic acids are readily demonstrated by this 
method. The possibility that formate might label serine by the reaction 
reported by Sakami (17), producing a possible contamination, was ruled 
out by control paper chromatograms and by isolation ‘of serine after addi- 
tion of carrier. 

Chromatographic Separation—Unidimensional chromatograms of the tri- 
chloroacetic acid filtrates were prepared directly in the usual way (18, 
19). Ordinarily 0.1 ml. of the filtrate was added in a narrow band to 
strips of Whatman No. 1 filter paper 2 cm. wide, which was dried during 


the process with a jet of steam-heated air. Trichloroacetic acid and un- | 


incorporated formic acid are removed by volatilization in this procedure. 
Unless otherwise stated, the separations were effected by the solvent mix- 
ture suggested by Vischer and Chargaff (19); namely, n-butanol, diethylene 
glycol, and water in the presence of ammonia in the volume proportions 
of 4:1:1 respectively. In order to displace the nucleotide fraction either 
this solvent was employed with 0.1 N hydrochloric acid substituted for 
water or polar solvents were used, such as 25 or 60 per cent by volume 
n-propanol in water (20) and 2,4-lutidine saturated with water. The 
latter solvent had the disadvantage of being difficult to remove from the 
paper and interfered with ultraviolet measurements. 

After development the chromatographic strip was thoroughly dried in 
air, the ultraviolet-absorbing bands directly determined with an ultra- 
violet lamp (21), and the paper lined off into 1 cm. sections and consecu- 
tively numbered. The 1 cm. sections were cut out, placed in individual 
metal plates, and the radioactivity determined directly with an end- 
window counter. The 1 cm. sections were eluted with 1 ml. of 0.02 ™ 
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phosphate buffer, at pH 7.4, in small test-tubes by shaking at room tem- 
perature for 4 hours. The aqueous eluate was then examined further. 
Larger quantities of material were studied by chromatographing the re- 
action filtrate on large sheets of filter paper, the radioactive fractions being 
located by monitoring with a Geiger-Miiller counter. Each radioactive 
section was cut out, stapled at both ends on a second piece of filter paper, 
and the compound quantitatively eluted by descending chromatography 
with water as a solvent. 

Measurement of C% Activity—Radioactivity was determined with a 
Tracerlab Autoscaler and a Geiger-Miiller tube having a window of less 
than 2 mg. per sq. cm. Direct counting of the filter paper sections from 
the chromatograms is possible because the weights of the C“ compounds 
are negligible compared to the weight of the paper, and thus an essentially 
constant thickness is obtained. In some instances C™ activity was de- 
termined by pipetting a known volume of a solution of a component eluted 
from a paper chromatogram on a metal planchet and counting as an es- 
sentially infinitely thin sample. Radioactive CO, from degradation re- 
actions was analyzed as BaCO; (22), corrected to zero thickness. 

The radioactivities measured in these three ways could be related to each 
other by factors which were determined experimentally. In each experi- 
ment the C' values are referred to the same method of counting. From 
the number of counts analyzed per sample, the analytical techniques em- 
ployed, and from duplicate runs, it is considered that the over-all method 
of analysis is reproducible to +10 per cent. 

Ultraviolet Absorption Measurements—Determinations of the light ab- 
sorption characteristics of solutions eluted from the filter paper chromato- 
grams were carried out with the Beckman spectrophotometer with micro- 
cuvettes of 1 em. light path. Frequently the absorption of materials in 
the paper and residual solvent was so high as to render difficult the inter- 
pretation of absorption spectra. This was overcome in part by comparing 
the solutions with those from blank chromatograms. Hypoxanthine and 
its derivatives were determined specifically in these eluates by employing 
the enzymatic speetrophotometric techniques and optical density changes 
recorded by Kalckar (8). 

Methods of Degradation—Liberation of the purine moiety of ribose deri- 
vatives was effected by hydrolyzing with 0.5 n hydrochloric acid at least 
30 minutes in a boiling bath. After concentration on a steam bath under 
an air jet, the hydrolysate was rechromatographed on filter paper with the 
solvent indicated in the results (18, 19). Conversion of inosine-5-phos- 
phate to inosine was effected by the specific 5-nucleotide phosphatase of 


‘This method of elution was suggested by Mr. I. A. Bernstein of this depart- 
ment, 
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water moccasin venom (23). The reaction was carried out in 0.07 M tris(hy- 
droxymethyl)aminomethane buffer at pH 8.8 (24). 

Residual C'*-formic acid was analyzed in the protein-free filtrate by add- 
ing carrier to an aliquot part and oxidizing to CO, with mercuric acetate 
(25). 

Hypoxanthine was degraded by two methods. One involved a modifi- 
cation of the procedure of Kriiger (26), in which purines are hydrolyzed by 
concentrated hydrochloric acid under pressure and heat. In the present 
modification the purine was degraded by heating the dry compound with 
diluted sulfuric acid (70 volumes of concentrated sulfuric acid + 30 vol- 
umes of water) at the apparent boiling point of the mixture (about 190- 
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Fig. 1. Paper chromatogram of a pigeon liver reaction mixture with C'*-formate 
as a tracer. Experiment Hy-28 (Table IX, Vessel 2). 


200°) and collecting the products simultaneously.’ By this procedure 
hypoxanthine is hydrolyzed to glycine (carbons 4 and 5 of the purine), 
formic acid (carbons 2 and 8), CO: (carbon 6), and 3 moles of ammonia. 
The formic acid formed is dehydrated under these conditions to carbon 
monoxide. The second procedure was an enzymatic conversion to uric 
acid and degradation of this by a method similar to that described by 
Sonne et al. (4).5 

Analysis of Purine Fractions—In these studies three methods of analyz- 
ing the purine fractions were employed. The procedure employed in each 
instance has been indicated in the experimental results. In Method 1 
total radioactivity of the chromatographic fractions was determined by 
direct counting of the paper section (Fig. 1). Bands were identified by 
Ry as compared to control chromatograms, by absorption spectra, and 


5 Marsh, W. H., and Greenberg, G. R., unpublished data. 
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Ly- frequently by enzymatic methods. In Method 2 total radioactivity was 
measured as in Method 1. The specific activity was obtained by analyz- 
id- ing the eluted fraction with xanthine oxidase for free hypoxanthine or for 
ate hypoxanthine liberated enzymatically or chemically. In Method 3 hypo- 
xanthine was liberated chemically from the eluted chromatographic frac- 
lifi- tions, rechromatographed, reeluted, and determined enzymatically as hy- 
by poxanthine. Radioactivity in these cases was measured either directly 
ent on the paper or after elution by plating on a planchet. 

vith 
vol- 
90- § 


Solvent | 
No.* 


TaBie I 
Rr Values of C“ Fractions with Various Solvents 





C* fractions Authentic compounds 





A, B ¢ . + | Adeno- . Gly- 
| miPs Pepe ER Wie 5c IMP-5 | AMP-5} HX |Adenine! Inosine eine Serine at 


0.05 | 0.28 | 0.43 | 0.05 | 0.05 | 0.41 | 0.59 | 0.30 | 0.48 | 0.32 | 0.32 
0.17 | 0.35 | 0.53 | 0.19 0.47 0.39 0.46 | 0.49 
0.67 0.53 | 0.70 | 0.75 | 0.53 | 0.64 | 0.74 0.78 | 0.77 
0.48 0.63 | 0.49 | 0.51 | 0.62 0.48 
0.57 0.76 0.75 0.32 | 0.26 








ar wn 



































*Solvent 1, n-butanol-diethylene glycol-water-NH;; Solvent 2, n-butanol-di- 
ethylene glycol-HCl; Solvent 3, 25 per cent propanol; Solvent 4, 60 per cent pro- 
panol; Solvent 5, lutidine saturated with water. 

{ In certain solvents, such as Solvent 1, highly polar compounds such as glycine 
and serine show marked differences in migration from a pure aqueous solution as 
compared to a trichloroacetic acid filtrate of a tissue. Thus the C'4-labeled glycine 
added to such filtrates exhibited an Rr value with Solvent 1 of 0.18 to 0.24, depend- 
ing on the filtrate. Accordingly identification of such compounds by this tech- 


rmate ‘ ; i 
nique alone is open to question. 


ojiaia Results 


rine), Identification of Radioactive Hypoxanthine, Inosine, and Inosine-5-phos- 
ronia. | phate—Fig. 1 shows a typical plot of the C™ activity against the distance 
arbon | down the column when C"-formate is used to trace the biosynthesis of 
» uric | hypoxanthine and an aliquot of the protein-free filtrate of the reaction mix- 
ed by | ture is subjected to paper chromatography, with the standard solvent. 
Three C'* peaks generally occur. 

nalyz- In Table I the migration of the C' components from the biological sys- 
n each | tem is compared with those of various authentic compounds. These data, 
hod 1 | in general, are average values. Comparison with the known compounds 
ed by | Wasmade simultaneously. It will be observed that in the various solvents 
ied by | the migration of Component A (Fig. 1) corresponds in each instance to that 
a, and f %IMP-5 and AMP-5, Component B to that of inosine, and Component C 
to that of hypoxanthine. No significant differences could be shown in the 
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individual total activities of the IMP-5 and hypoxanthine fractions in the 
different solvents. It will be observed that the Rr values of AMP-5 and 
IMP-5 are similar in the various solvents employed. For this reason it was 
considered hazardous to attempt to identify the radioactive nucleotide 
fraction by paper chromatography alone. 

In earlier studies (5) hypoxanthine was isolated after adding carrier and 
was purified to a constant specific activity. In the present studies, after 
elution from the chromatograms, hypoxanthine was identified by its 
absorption spectrum, by its conversion to uric acid by the differential spec. 
trophotometric methods of Kalckar (8), and by the fact that on rechroma- 
tographing after this treatment the radioactivity could be recovered in 
the uric acid. It may be added that by two different techniques of degrada- 
tion the hypoxanthine fractions derived from these reaction mixtures gave 
the expected radioactive products. 

Inosine was identified by the fact that it could be converted to uric acid 
by xanthine oxidase only after prior treatment with nucleoside phos. 
phorylase by the methods of Kalckar (8) and that acid hydrolysis of the 
inosine fraction with subsequent rechromatographing liberated hypoxan- 
thine identified as previously outlined. In the experiments represented by 
Tables V and VIII the inosine fractions were identified and their radio- 
activity determined in this way. 

The identification of inosine-5-phosphoric acid as the major, if not the 
entire radioactive component of the nucleotide fraction (Component A of 
Fig. 1), was shown (1) by liberation of radioactive hypoxanthine by acid 
hydrolysis of the nucleotide fraction and (2) by the liberation of radio- 
active inosine from the fraction by the specific 5-nucleotide phosphatase 
of snake venom. 

Table II shows that acid hydrolysis of Component A liberates hypox- 
anthine containing the major portion of the radioactivity of the nucleotide 
fraction after hydrolysis. No activity was present at the Ry of the nu 
cleotides. Some loss occurs in the manipulation. It will be observed that 
after acid hydrolysis of the nucleotide fraction a C™ fraction is formed 
which migrates on the paper chromatogram at a rate comparable to that 
of hypoxanthine, but not to that of adenine. It may be mentioned that 
the ultraviolet absorption maximum of the nucleotide fraction generally 


occurred at about 255 mu because of the presence of adenine nucleotides. | 


The liberated C™ fraction exhibited an absorption maximum at 250 m 
and could be converted to uric acid by xanthine oxidase. It is apparent 
from this experiment that the radioactivity of Component A resides in 4 
hypoxanthine nucleotide. 

In Table III are shown the results of chromatographing the nucleotide 
fractions before and after hydrolysis with the specific 5-nucleotide phos 
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n the | phatase of water moccasin venom. The C™ fraction formed corresponds 
) and | jn migration rate with inosine. Again no activity was present at the Rr 
it was | of the nucleotide fractions. On elution from the paper chromatogram the 
otide | C4 component was identified enzymatically as inosine. From the data 
presented in Tables II and III it may be stated that the major portion of 
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ps Tase II 
xy its Liberation of C-Hypozxanthine from Nucleotide Fraction by Acid Hydrolysis 

spec- Compounds Rr values* 
roma- - 
aa PR ASTARTIG sss sxe: domo aA PRET ST ore OTE GN a 0.35f 

Se NNN. «22... 2as oteccde: kv coe 1 ee 0.16t 

zrada- (wot original ComponenG, Ae. yc... fons scat cee eee 0.02f (197) 
Seve § Hydrolysate of Component:As. <0 5.0... cscs dees th eke eyes 0.16$ (182) 
cand * Solvent, n-butanol saturated with water in the presence of ammonia vapor. 


¢ Located by the ultraviolet lamp. 
phos- t Determined by the position of the C activity on the chromatogram. The 
of the | values in parentheses are counts per fraction per chromatogram. 




















OXaD- 
* a Taste III 
di y Liberation of C%-Inosine from Nucleotide Fraction by Treatment with 
ore 5-Nucleotide Phosphatase of Water Moccasin Venom 
Rr values* 
jot the Component 
it A of Untreated component] After 5-phosphatase 
yyaid} - sei 
y dis I EOF COMPONGNG OA 05 54:68, io ee sels 0.05 (236) 0.29 (209) 
ma [hosiniG-§- PHONDNAGE ose ces Sh ece cue ehoeae ne oe 0.05 0.26 
hatas  Adenosine-5-phosphate.................0.0.0000 0.05 0.46 
Adenosine-3-phosphate...................0-00005 0.05 0.05 

Be HNN... on eee tee eee 0.43 
sleotide MPEGS odo ccd se ee 0.30 
the nu- * Solvent, n-butanol-diethylene glycol-water-NHs. The values in parentheses 


ed that | are counts found per fraction per chromatogram. 


formed , 
to that} the C"* activity in the nucleotide fraction corresponds to inosine-5-phos- 


ed that phoric acid. 
snerally 


tides. 
es my Inosine-5-phosphate—Evidence that inosine-5-phosphoric acid is a pre- 


cursor of hypoxanthine in the synthesis of the latter purine has been ob- 
tained in several ways. 

Fig. 2 represents a plot of the total radioactivity in formic acid, IMP-5, 
cleotide hypoxanthine, and inosine as observed at various times during the experi- 
Je phos ment. It may be seen that the disappearance of HC“OOH is almost quan- 


Intermediates in de Novo Synthesis of Hypoxanthine 
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Jes in 4 








620 SYNTHESIS OF HYPOXANTHINE 


titatively recovered as radioactivity in the three purine fractions. If, 
as it appears, these fractions are relatively free of other C'* compounds, it 
follows that under these conditions little of the formic acid enters into re- 
actions other than purine formation. 

In Fig. 2 the appearance of C™ activity in the hypoxanthine fraction 
rises steadily, while the C™ activity of inosine-5-phosphate rises and sub- 
sequently falls. From the quantitative relationships shown in this graph, 
it is clear that C™ activity has been transferred from the IMP-5 frac- 
tion to hypoxanthine during the course of the reaction. This change 
in the radioactivity of IMP-5 is not due to an actual change in concentra- 
tion of this nucleotide. Instead it is considered to result from the progres- 
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Fia. 2. Total radioactivity of the various fractions at different times in the reac- 
tion with tracer levels of C'4-formate. Experiment Hy-19, analysis of the purine 
fractions was by Method 1 under ‘‘Experimental.’’ 


sive dilution of the small concentration of C'-formate employed by the 
continuing formation of the endogenous “formate” pool. Since, as will 
be shown below, inosine-5-phosphate is continually turning over, the curve 
reflects the C“ concentration of the formate pool. 

Fig. 3 shows that the actual inosinic acid concentration reaches an es- 
sentially constant level, while hypoxanthine rises to a maximum. In this 
experiment, IMP-5 was independently found to be converted to hypoxan- 
thine at the rate of more than 8 uM per gm. of liver in 20 minutes and rates 
of degradation as high as 30 um per gm. of liver in 20 minutes have been 
observed. It is apparent that the constant level of inosinic acid must be 
interpreted to be the result of a balance between the rapid synthesis of this 
nucleotide and its conversion to hypoxanthine. This turnover is sufficient 
to account for all of the de novo synthesis of hypoxanthine. 

Fig. 4 shows that, when a small quantity of C-formate is employed as 
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Fig. 3. Relationship between reaction time and concentrations of inosinic acid 
and hypoxanthine. Experiment Hy-20, micromoles of purine compound = (total 
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the reaction with tracer levels of C™-formate. Experiment Hy-20, analysis by 
ryed a8 Method 2 under “Experimental.” 
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a tracer, the specific activity of the inosine-5-phosphate fraction rises to a 
maximum which is higher and occurs earlier than that shown by hypo- 
xanthine. Unfortunately, the measurement by xanthine oxidase of the 
quantity of hypoxanthine liberated from the IMP-5 fraction at 60 minutes 
was lost. However, on the basis of other experiments the specific activity 
of the IMP-5 at this time in the reaction is considerably lower than that 
of hypoxanthine. If it is assumed on the basis of Fig. 3 and the results 
shown in Table IV that the inosinic acid level has remained constant at 
about 0.6 um per vessel, the specific activity of IMP-5 at 60 minutes is 
calculated to be 3700 counts per micromole from the relationship (total 
counts)/(counts per micromole) = micromoles. These results are in ac- 
cord with the type of specific activity relationship which will occur between 


Tasie IV 


Synthesis of Inosine-5-phosphate and Hypoxanthine with Increased 
Pool of C'4-Formate 














Inosinic acid Hypoxanthine 
Time Total <i os es 
uM arising Total 2M arisi 
counts fixed eg Total um via counts fixed a Total um 2 
per vessel | Pet # formate* | per vessel | ill formate® 








min. 7 
20 5420 28 ,400 0.19 O51 
40 4420 22,100 0.20 0.1 


~~ 


20,500 | 17,300 9 0.64 











9,940 sei! 0.65 | 0.31 
| 1.1 





Experiment Hy-28. Reaction system, 1 ml. of 1:2 homogenate, 9 um of C- 
formate, 15,900 counts per micromole, 2 um of ribose-5-phosphate, remainder as 
under “Experimental.’”? Analysis by Method 2. 

* (Total counts fixed)/(counts per micromole of formate X 2). Assumes no 
dilution of formate and 2 moles of formate utilized per mole of purine. 


a product and its precursor as developed by Zilversmit, Entenman, and 
Fishler (27). 

When increased concentrations of C-formate are employed, the forma- 
tion of “formate” from the endogenous pool is minimized. Such an ex- 
periment is shown in Table IV. It is significant that almost 2 moles of 
formate are incorporated into a mole of IMP-5, representing only a slight 
dilution of the formate. The specific activity remains high, and here the 
actual concentration of IMP-5 is again constant over the period of the ex- 
periment. The specific activity of the hypoxanthine remains constant 
at a considerably lower level, apparently because of concomitant formation 
of hypoxanthine from adenine nucleotides, but the concentration of hypo- 
xanthine rises linearly. It is not likely that part of the C™ activity in the 
IMP-5 is a result of incorporation of radioactive carbon into the ribose 
moiety, since other experiments (Table II) account almost quantitatively 
for the activity of the nucleotide in the hypoxanthine fragment and since 
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Oa added ribose-5-phosphate and endogenous ribose phosphate would greatly 
po- dilute C in the pentose. 








the Inosine—It is important to determine whether inosine is an intermediate 
ites in the de novo synthesis of the purine moiety of inosine-5-phosphate or 
rity whether this riboside is on the pathway of conversion of the nucleotide to 
hat hypoxanthine. If inosine were not an intermediate in the synthesis of 
ults inosinic acid, then it would be necessary to consider the immediate pre- 
5 at cursor of IMP-5 as a ribotide not having a complete purine structure. 
8 is TABLE V 
otal Inosine Not Precursor of IMP-5 in de Novo Synthesis 
ac- Specific activity, counts per micromole. 
bie Inosine-5-phosphate Inosine Hypoxanthine 

18 ,600 9900 4730 








Experiment Hy-27, Vessel 1. Reaction system, 1 ml. of 1:2 liver homogenate, 
1 pm of inosine, 12 um of C'4-formate, 68,000 counts per micromole; remainder as 
ae under ‘‘Experimental.’’ Time 21 minutes. Analysis by Method 3. 





























= TaBLe VI 
Effect of Ribose Derivatives on Incorporation of HCOOH into 
Inosine-5-phosphate and Hypoxanthine 
31 
Counts incorporated 

64 Additions fraction per — 
Cu. Inosinic acid | Hypoxanthine 
er as on 
~~ NONE i62cs 0s pica gets lees ee ee 6,060 4380 

Adenosine-5-phosphate........................005 1.61 12,100 6010 

Jnoaitie-5-DROSPHALC i 6... 5.4. cas koa eee toa omeets 1.63 9,410 2790 

and NORIO «0:5 Sr ao ad, sees ee eee eee ee 1.69 17,100 5070 

Ribose-G-phosphate <s5.55 sc. ce nee ee ee oe 0.86 15,900 6010 
yrma- Experiment 20; reaction system, 1 ml. of 1:3 liver homogenate, 1.2 um of C¥- 
n ex formate, 17,200 counts per micromole; remainder as under ‘‘Experimental.”” Time 
los of 10 minutes. C determined as in Method 1. 
slight Table V shows the specific activity of the inosine fraction compared to 


re the | those of inosine-5-phosphate and hypoxanthine when a large pool of C*- 
ne ex- | formate is used to trace the reaction. Ordinarily inosine does not accum- 
stant | ulate in the system, and generally it is necessary to add either inosine or 
vation | hypoxanthine, which can form the riboside (28). The specific activity of 
hypo- | inosine is less than that of inosinic acid and greater than that of hypoxan- 
in the | thine. Thus inosine could not be the precursor of inosinic acid, but would 
ribose | appear to be on the pathway of the conversion of the nucleotide to hy- 
tively | poxanthine. 

| since Stimulation by Ribose Derivatives—Table VI illustrates the effect of added 
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ribose compounds on the incorporation of C'*-formate into inosine-5-phos- 
phoric acid and hypoxanthine. Ribose-5-phosphate and potential sources 
of ribose phosphate compounds (28-30) all brought about large increases 
in the activity of the IMP-5 fraction at 10 minutes. The stimulation in 
some instances was such as to account for all of the C-formate within the 
limits of the method. However, this stimulatory effect of ribose was not 
always observed at the dilutions of homogenate employed, presumably 
because of the formation of sufficient ribose phosphate from the degradation 
of the various nucleotides or perhaps because added ribose phosphate may 
be rapidly removed from the system (30). It is considered that ribose 
phosphate stimulates the synthesis of inosinic acid, but that under these 
conditions the conversion of the nucleotide to hypoxanthine is relatively a 
limiting reaction. This apparent contradiction of the observation that 
added IMP-5 is very rapidly converted to hypoxanthine is perhaps ex- 
plained by large differences in the degree of substrate saturation of the 
enzymes concerned in the degradation of the nucleotide. 
4-Amino-5-imidazolecarboxamide—It has been suggested recently (31) 
that. 4-amino-5-imidazolecarboxamide might be a possible intermediate in 
the synthesis of purines by Escherichia coli. This compound added to the 
reaction mixture was adequately separated from the reaction products by 
paper chromatography with the standard solvent. The carboxamide was 
detected on the chromatograms by spraying with the diazotization reagent 
of Erhlich (82). Under these conditions this compound shows a violet to 
blue color. It was also detected and determined after elution from the 
paper by employing a molar extinction coefficient of 1.27 X 10‘ at 268 
mu (11). After chromatographing the reaction filtrates, the vessels to 
which the carboxamide had been added showed the requisite diazo color 
and ultraviolet absorption maximum at the same R, value as that of con- 
trol paper chromatograms carried out with this compound. No diazo 
color was found on the paper chromatograms at or near this Ry of any re- 
action vessels to which the imidazolecarboxamide was not added. In order 
to test the possibility that 4-amino-5-imidazolecarboxamide might be an 
intermediate in this system, the compound was added initially to the re- 
action system as a trapping pool during the de novo synthesis of purines from 
C-formate. Since formate is known to be a source of both carbons 2 and 
8 of hypoxanthine in this system, carbon 2 of newly formed imidazolecar- 
boxamide would be expected to be labeled by C"*-formate if this compound 
were an intermediate. If the compound were not an intermediate in the 
synthesis of hypoxanthine, the possibility would still exist that this com- 
pound is built up as its riboside. The results of such an experiment 
are shown in Table VII. After the reaction 80 per cent of the added imid- 
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os- | azole compound could be accounted for in the system on the basis of its 


Ces absorption at 268 my. It will be observed that no activity was found in 
ses | the imidazolecarboxamide. At the same time the rate of incorporation 
1 in of C“-formate into the inosine phosphate and hypoxanthine fractions was 
the not significantly altered. This experiment has been carried out with two 
not preparations of the aminoimidazolecarboxamide with the same results. 
bly Since de novo synthesis of hypoxanthine occurred, it must be inferred that 
tion this imidazole derivative, per se, is not an intermediate in the synthesis of 
nay the purine under these conditions. 

ose Adenine Derivatives—The possibility exists that inosine-5-phosphate is 
nese 

ly TaB_e VII 

that Failure of Incorporation of C'4-Formate into 4-Amino-6-imidazolecarboxamide 


during Purine Synthesis 




















ex- Peon 

the Counts per fraction per vessel 

(31) IMP-5 | Hypoxanthine — 
e in GtTGL: VERHER yi eleiewas neni ne ee 4580 7100 

) the + 7.9 um imidazole compound*................ 5240 7020 0 

s by TPR So ca Sous ba wea ae ea reer are rae eer 0.05 0.42 0.53 

Was Experiment Hy-30; reaction system, 1 ml. of 1:1.5 liver homogenate, 6 um of 
gent C-formate containing 26,000 counts per micromole. Homogenizing solution (see 
et to “Experimental’’) altered to contain 0.03 m KHCO; with no additional KHCOs. 
. the Final volume 1.20 ml. Reaction time 20 minutes. Activity determined as in 


, 268 Method 1. 

t * Preparation 2. 

” of + n-Butanol-diethylene glycol-water-ammonia. 
color 


con- | merely a deamination product of adenosine-5-phosphate, which might be 
diazo | synthesized in the system. That this is not the case is deduced from three 
iy ree | lines of evidence. (1) The IMP-5 of the nucleotide fraction incorporates 
order | radioactivity very early in the reaction, and acid hydrolysis of this fraction 
ye an | produces adenine which is not radioactive as shown by paper chromatog- 
re ree | raphy. (2) Addition of AMP-5 to the reaction as a pool does not ac- 
‘from | cumulate C-AMP-5 as determined by acid hydrolysis of the nucleotide 
2 and | fraction and isolation by chromatography of the liberated adenine which 
lecar- | was not labeled. (3) Consideration of an experiment such as that pre- 
yound | sented in Table IV, which shows that C'*-formate may be incorporated into 
in the | IMP-5 with little dilution even in the presence of relatively high concen- 
-com- } trations of adenine nucleotides as determined by the position of the ab- 
iment | sorption maximum of the nucleotide fraction and by such observations 
imid- | as (1) above, suggests the C™ did not pass through an adenylic acid pool. 
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This observation suggests also that the initial degradation of adenosine. 
5-phosphate by pigeon liver is almost entirely by phosphatase action rather 
than by deamination. 

Adenosine added initially to the reaction system did not incorporate 
C* of formate, although it frequently stimulated synthesis of purine, prob- 
ably by forming ribose phosphate. There was no evidence of the presence 
of free C'4-adenine in this system. No significant radioactivity was in- 
corporated into the nucleic acid fractions. 


Location of Isotope in Purine 


That the hypoxanthine moiety in this system is labeled by C™-formate 
almost entirely in carbons 2 and 8 was shown as follows: A portion of a re- 
action filtrate from a C-formate experiment (Hy-17, Vessel 2), containing 
C4-IMP-5 and C-hypoxanthine in approximately equivalent total counts 
and containing a very small amount of inosine, was hydrolyzed by 0.5 n 
HCl to hypoxanthine which in turn was isolated on a paper chromatogram. 
To the C-hypoxanthine after elution was added 0.22 mm of hypoxanthine 
carrier, approximately a 100-fold dilution of the C-hypoxanthine. The 
total hypoxanthine was degraded by hydrolysis with sulfuric acid. The 
following specific activities in counts per micromole were found: carbon 
6 (COz) 560, carbons 2 + 8 (CO) 7430, total hypoxanthine 15,200. Thus 
carbons 2 and 8 account for 14,860 of the total counts. It is considered 
that the major portion of the C™ activity found in the CO, fraction is a 
contaminant derived from the known partial oxidation of CO by the sul- 
furic acid reagent. Any CO, formed as a result of the slow oxidation of 


formate by liver would have been greatly diluted by the 110 um of KHCO; | 


present initially, and therefore little C“O, could have been incorporated into 
the purine. 

In Table IV, C'*-formate was incorporated into the IMP-5 at levels ap- 
proaching 2 moles per mole of nucleotide. This requires equal distribution 
of the radioactivity between carbons 2 and 8. 

In studies in which C-formaldehyde and the pigeon liver homogenate 
were employed, Marsh and Greenberg® have found equal labeling in car- 
bons 2 and 8 of the isolated hypoxanthine. 


Resynthesis of Inosinic Acid from Hypoxanthine 


Balance studies, such as are shown in Fig. 2, indicated that the IMP-5 
and inosine fractions did not fall to zero with time, even though the C™ 
formate had all been taken up. Since IMP-5 and inosine are known to 
turn over rapidly, another source of these compounds was considered to be 
present. This apparently was hypoxanthine. 

Table VIII presents the results of an experiment in which hypoxanthine 
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ne- labeled in carbons 2 and 8 was employed as a tracer. C'-Hypoxanthine 
her was isolated from a reaction mixture by paper chromatography. It mi- 

grated on the chromatogram as a sharp peak and contained no measurable 
rate inosine or inosine-5-phosphate as determined by rechromatographing an 
ob- aliquot with the n-butanol-diethylene glycol-water-NH; solvent. After 
nee incubation of this C-hypoxanthine with liver homogenate, the inosinic 
in- acid, inosine, and hypoxanthine fractions were isolated on large paper 


chromatograms, and the fractions eluted, hydrolyzed with acid, and re- 
chromatographed. Each resulting hypoxanthine fraction was eluted and 
its specific activity determined. It will be observed that the IMP-5 frac- 
nate tion is labeled and that the specific activity of the inosine is intermediate 
% Te- between that of hypoxanthine and the nucleotide. This suggests that ino- 
ning sine is an intermediate in the conversion of hypoxanthine to inosine phos- 
unts phate. The possibility exists that the hypoxanthine was degraded by the 
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vigil TaseE VIII 
See Conversion of C'*-Hypozxanthine to Inosine-5-phosphate 
Specific activity, counts per micromole. 
The eae 
The Hypoxanthine Inosine Inosinic acid 
“ 4800 2150 | 1380 
lered Reaction system, 4 ml. of 1:2 liver homogenate, prepared as in the ‘‘Experi- 
is a mental,’’ 2 um of C'* hypoxanthine, 17,000 counts per micromole, 10 um of formalde- 
 sul- hyde, 0.8 ml. of 0.4 Mm KHCO;; final volume 5 ml. Reaction time 21 minutes. 
om of system to give C compounds which in turn would give de novo synthesis 
100, of radioactive inosinic acid. Formaldehyde, which is incorporated into 
1 into the purine ring in this system as well as formate,® was added as a diluting 
agent in the event that C'-formaldehyde or a derivative was formed by 
s ap’ | such a degradation. It is unlikely, however, that such a degradation of 
ar hypoxanthine occurs. Addition of hypoxanthine or its equilibrium prod- 
uct, inosine, does not decrease the total counts incorporated from C¥- 
a formate (Tables VI and IX), as would be expected if the degradation oc- 


curred. 

Table IX shows that the addition of inosine or hypoxanthine to a 
reaction system in which C"-formate was used as a tracer brings about a 
MP3 large increase in the quantity of inosinic acid formed. This increase is not 
: ou from de novo synthesis as measured by C'-formate incorporation, since 
¢ “| hypoxanthine or inosine addition brings about a great decrease in specific 
activity of the IMP-5 without a corresponding increase in the incorpo- 
ration of C-formate into the nucleotide. While the quantities added to 
athine the reaction are not strictly comparable, it appears that inosine is more 
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efficient than hypoxanthine, supporting the evidence found in Table VIII 
that the riboside is the intermediate in the resynthesis of inosinic acid 
from hypoxanthine. 


DISCUSSION 


These studies provide evidence which suggests that in the synthesis of 
hypoxanthine in pigeon liver ring closures are effected after the intro- 
duction of a ribose moiety on the purine precursor base. 

Inosine-5-phosphate was the first purine compound which could be 
detected under the experimental conditions. The over-all process involved 




















TasLe IX 
Evidence of Synthesis of Inosinic Acid from Hypoxanthine and Inosine 
Tnosinic acid Hypoxanthine 
Ves- re : ee 
. _ Total | Counts| Total |#™ aes Total | Counts| Total |" — 
counts | per uM pM formate counts | per uM uM formate 
om 
1 | None | 5420 |28,400] 0.19 | 0.17 9940 |15,300} 0.65 | 0.31 
2 | Hypoxanthine| 4.4 | 4700 | 8,920) 0.53 | 0.15 | 7820 | 2,470) 3.17 | 0.25 
3 | Inosine | 7.5 | 7800 | 5,600] 1.39 | 0.25 | 7620 | 1,280) 5.73 | 0.24 


























Reaction system as for Table IV. 


in this synthesis may be depicted as follows: 


CO2z + 3NH; + glycine + 2 “formate” + ribose-1-phosphate — 
Sse yess —H;PO ibs fi H;PO : 
inosine-5-phosphate —_—*—*_, inosine ity hypoxanthine + 
ribose-1-phosphate 


It is particularly striking that C'-formate can be incorporated into inosinic 
acid with no significant dilution of radioactivity. This observation is 
interpreted to mean that IMP-5 occurs relatively early after the formylation 
reactions and that intermediate compounds containing formyl groups are 
not present in significant quantities. On the basis of the observation that 
inosine follows rather than precedes IMP-5 and that adenylic acid is not 
the precursor of this nucleotide, it may be inferred that the immediate 
precursor of inosine-5-phosphate in the de novo synthesis is a ribotide having 
an incomplete purine structure. Since 4-amino-5-imidazolecarboxamide 
has been identified in biological systems (11, 31, 12) and since recent studies 
of Cavalieri, Tinker, and Brown (33) have provided chemical evidence 
that carbon 2 of adenine is more labile than carbon 8, it may be suggested 
that the immediate precursor of inosinic acid in the present system could 
be a ribotide of such an imidazole compound. 
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VIII While it has been concluded from the present studies that imidazole- 
acid carboxamide, as such, is not an intermediate in the synthesis of hypo- 
xanthine, it is not precluded that a derivative of this compound, such as a 
riboside, may be involved. It is apparent from the report of Gots (34) 
that aminoimidazolecarboxamide is not utilized significantly by certain 
is of | mutants of EZ. coli which require purine for growth. Studies by Schulman, 
ntro- | Buchanan, and Miller (35) have shown that C™-labeled 4-amino-5-imid- 
azolecarboxamide produced labeled hypoxanthine in pigeon liver homogen- 
d be ates. Further studies on the mechanism involved should be important 
‘ved } to the understanding of this reaction. 

It is noteworthy that ribose phosphate promotes the synthesis of purine 
in this system. Kalckar (28) has shown that hypoxanthine is reversibly 
—— | converted to inosine by a phosphorolytic reaction with ribose-1-phosphate. 
While the evidence of Getler et al. (36) that hypoxanthine does not enter 
arising | jnto the nucleic acid purines of the rat suggests that the reaction, hypo- 
yrmate xanthine + ribose-1-PO, <= inosine + H;PO,, is a blind pathway, it is 
quite conceivable that a similar reaction could occur at the level of an 





0.31 aliphatic purine precursor in the de novo synthesis. It is appropriate 
0.25 to mention that this idea also has been expressed recently in a review by 
0.24 


Davidson (37). By the scheme shown here, ribose phosphate is catalytic 
in the formation of hypoxanthine. In the present studies, the synthesis 
of IMP-5 was promoted as well by ribose-5-phosphate as by compounds 
which provided ribose-1-phosphate. Since it is to be expected that ribose- 
1-phosphate is the condensing agent, it is quite possible that the conversion 
of the ribose-5-phosphate to ribose-1-phosphate may occur as well as the 





¥ suggested reverse process (38, 39), presumably similar in mechanism to the 
sphate } phosphoglucomutase reaction. 
ms: It has been shown by Buchanan and coworkers (4) that glycine and CO, 
ee A ate precursors of the 3-carbon backbone of uric acid in the pigeon. Previ- 
‘eel ous studies in this laboratory also showed that radioactive CO, was incor- 
as porated into hypoxanthine in pigeon liver and synthesis has since been 
n that shown with carboxyl-labeled glycine (1, 35). Thus it is apparent that 
‘dill synthesis of the complete purine occurs in this system. 
adie The work of Barnes and Schoenheimer (40) suggested that the route of 
saci uri¢ acid formation in the bird might involve passage through the nucleic 
; acid purines. Since synthesis of nucleic acid purines in these pigeon liver 
camide er 3 ead ‘ , 
iui homogenates was not significant and since the dilutions of radioactive 
sdewsh carbon found in inosinic acid and in hypoxanthine were not consistent 
ail with a passage through nucleic acid purines, this is only a minor pathway 
oil of hypoxanthine synthesis. This does not preclude a probable partially 


common route to nucleic acid purines and to hypoxanthine (40). 
Evidence has been presented that the synthesis of hypoxanthine is 





Tey 
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reversible by way of inosine, at least as far as the nucleotide, inosinic acid, 


Thus the accumulation of hypoxanthine in this system will tend to compli- 


cate the study in vitro of the de novo synthesis. In the intact animal the | 
hypoxanthine would be removed from the liver to be oxidized elsewhere | 


to uric acid (2). This finding suggests that, at least in the pigeon, hypo- 
xanthine may not be solely on the pathway of excretion as has been indi- 
cated by studies in the rat with labeled hypoxanthine (36). The recent 
studies of Wajzer (39), employing a rat liver nucleoside phosphorylase 
preparation, suggest that inosine is converted to a nucleotide, presumably 
an inosinic acid. It would be desirable to confirm these studies with labeled 
hypoxanthine by isolation of the visceral nucleotides rather than the 
muscle nucleotides because of the apparent slow turnover of the purine 
ring structure of the latter compounds (40-42). 


SUMMARY 


1. Radioactive formate has been employed to trace the synthesis of 
hypoxanthine in pigeon liver homogenates, and the reaction products 
have been separated and identified by methods involving differential paper 
chromatography and spectrophotometry. 

2. The disappearance of C"-formate from the reaction mixture was 
almost quantitatively balanced at different times by the appearance of 
radioactivity in inosine-5-phosphate, inosine, and hypoxanthine. 

3. By balance studies, specific activity measurements, and the stimula- 
tory effect of ribose phosphate, it has been suggested that the synthesis of 
hypoxanthine involves the following over-all mechanism: 


H;PO, 


COs + 3NH; + glycine + “formate” + ribose-1-phosphate —————*+> riboside 
‘ " id dei —H;P 
intermediates oe inosine-5-phosphate ec a 


+H;PO, 


inosine — hypoxanthine + ribose-1-phosphate 


4. Evidence has been presented that 4-amino-5-imidazolecarboxamide, 
per se, is not an intermediate in this reaction. 

5. On the basis of these experiments it is suggested that ribosides and 
ribotides are formed prior to the completion of the purine rings. 

6. It has been shown that C'-labeled hypoxanthine is resynthesized to 
inosinic acid. Inosine is apparently an intermediate in this reaction. 


Mr. Peter D. Crick provided valuable technical assistance. 
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ON THE BIOSYNTHESIS OF PURINES IN THE BIRD; 
ROLE OF FORMATE* 


By WALTON H. MARSH 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, January 18, 1951) 


It appears probable that the bird synthesizes nucleic acid purines in a 
manner similar to the synthesis of the major nitrogenous excretory product, 
uric acid. Such a common pathway was suggested by Barnes and Schoen- 
heimer (1) when they found, after feeding N*-ammonium citrate to pi- 
geons, that uric acid as well as nucleic acid adenine and guanine contained 
high N° levels, whereas, with the exception of the amide nitrogen of the 
protein, non-purine nitrogenous material had lower levels. The work of 
Sonne, Buchanan, and Delluva (2) has shown that formate is a precursor 
of carbons 2 and 8 of uric acid, and Greenberg (3, 4) has shown that for- 
mate is incorporated into inosinic acid! and hypoxanthine, the latter be- 
ing the immediate precursor of uric acid in the pigeon (5). It was of 
interest to determine whether or not isotopic formate would label adenine 
and guanine of the nucleic acids and whether the labeling corresponded to 
that found in uric acid by Sonne et al. (2). This would provide evidence 
as to the existence of a common pathway. 

There is some indication that carbon 2 of nucleic acid purines might 
be relatively more labile than some of the other ring carbons. Thus, in 
the work of Barnes and Schoenheimer (1), the amino nitrogen on the 2 
position of guanine from the visceral nucleic acids of the pigeon turned 
over at a more rapid rate than did the nitrogens in the ring. Reichard 
(6) has confirmed this in the case of the guanine from ribonucleic acid 
when labeled glycine was fed to the rat. The higher turnover of this 
amino group could be related to the possible lability of the 2-carbon. A 
second line of evidence pointing to a differing metabolic state of carbon- 
2 is the accumulation of 4-amino-5-imidazolecarboxamide in sulfonamide 
inhibited Escherichia coli (7, 8). This imidazole derivative has been re- 
ported to be converted to hypoxanthine in the pigeon (9), although 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc., 
and in part by a grant from the Elisabeth Severance Prentiss Foundation. Part 
of this work (Experiments 1 and 2) was presented before the American Society of 
Biological Chemists, Detroit, March, 1949. 

The radioactive isotope employed in these studies was obtained on allocation 
from the Atomic Energy Commission. 

‘Greenberg, G. R., J. Biol. Chem., 190, 611 (1951). 


633 





— 





PURINE LABELING BY C!4-FORMATE 
































634 


apparently it is not an obligatory intermediate in the synthesis of this | fron 
purine (4)! and is not utilized by some bacteria (10). Finally, it has been as Ii 
shown by Cavalieri et al. (11) that, on hydrolysis with hydrochloric acid, ted : 
carbon 2 of adenine is split out first to give imidazolecarboxamidine. An | 4s al 
attempt was made in the present studies to provide further evidencein this | Uj; 
regard. In addition, it was considered that the administration of labeled | (21) 
formate might yield evidence of a possible route in the conversion of ade- | corre 
nine to guanine, as reported by Brown and coworkers (12). These work- D 
ers concluded that no opening of the purine structure had occurred in |  fuyric 
this conversion since no alteration of isotope from the 1 and 3 positions | carb 
could be demonstrated. A primary oxidation of the 2 position of adenine | dizec 
seemed to be eliminated by the fact that isoguanine (2-oxyadenine) was | sepa: 
not a purine precursor (18, 14). Since 2-oxyadenine has been eliminated } glyci 
as a possible intermediate and since direct amination of a methylene car- | the | 
bon did not appear likely, it was thought that loss of carbon 2 from thering | fract 
might occur in the conversion of adenine to guanine. Subsequent rein- Ac 
corporation of some other carbon fragment could then occur to close the | asa; 
ring as a purine intermediate on the route to guanine, e.g. diaminopurine | For 1 
(15). In this manner no alteration in the position of ring nitrogen atoms | acid 
would be expected and isoguanine would not be a necessary intermediate. f thine 
bons 


Woh 
The radioactive formate was synthesized by a modification of the method fas th 


of Melville, Rachele, and Keller (16). It was fed as the sodium salt by} nants 
stomach tube in the pigeon experiment and was mixed with the powdered } Ba(O 
diet in the chick experiments. The details of administration are included | yesen 
in Tables I toIV. Food and water were given ad libitum in all the experi- | mixe; 


EXPERIMENTAL 


ments. by w 
Respiratory CO, was collected in alkali in a metabolism cage in Exper- Th 
ment 1. purin 


Isolation of Purines—The isolation of nucleic acid purines was carried | simile 
out essentially by two methods. Method 1 (Experiment 1) was a modi | ident; 
fication of the methods of Jorpes (17), Clarke and Schryver (18), and Le 
vene (19). The tissues of the internal organs were homogenized in dry 
ice-ethanol, defatted, and the sodium nucleates extracted from the solid For 
residue with 10 per cent NaCl. The precipitated free nucleic acids were} nucle} 
hydrolyzed in methanol-HCl and the guanine precipitated from water and} defini 
characterized by its ultraviolet absorption. Adenine was isolated, and} hours 
characterized and purified as the picrate salt. Method 2 (Experiments? | avera 
and 3) was primarily that of Schneider (20). The entire carcass minus} Intest 
the head, skin, and leg bones was homogenized in cold trichloroacetic acid } liver | 


and defatted, and the free purines and nucleic acid residues were extracted ‘Me 
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this from the solids with boiling trichloroacetic acid. These were precipitated 
been as mercury salts and resuspended in a small volume. Guanine was isola- 
acid, ted and characterized as above. Adenine was isolated and characterized 
An | as above, but in this case was regenerated from the picrate salt. 
this | Uric acid was isolated and purified by the combined methods of Fisher 
veled | (21) and St. John and Johnson (22), and had an absorption spectrum 
ade- | corresponding to that given by Kalckar (28). 
vork- Degradation of Purines—Guanine was hydrolyzed with concentrated sul- 
din | furic acid at high temperature,” which liberates carbons 2 + 6 as CO» and 
tions | carbon 8 as CO. The COs was collected in alkali, while the CO was oxi- 
enine | dized at room temperature? in the gas train to CO: and then collected as a 
) was | separate fraction. Carbons 4 and 5 remain in the reaction chamber as 
nated | glycine, which was further degraded by ninhydrin to CO, + HCHO (24), 
> cat- | the latter being oxidized to CO, via formate. Carbon 6 as a separate 
ering | fraction was obtained as CO2 by Cle oxidation (25). 
rein- Acid hydrolysis of adenine at high temperature yields carbons 2 + 8 
se the | asasingle fraction, whereas direct Cl. oxidation yields undefined products. 
urine | For this reason, adenine was first converted to hypoxanthine with nitrous 
atoms } acid (26). The hypoxanthine was then converted to uric acid with xan- 
diate. f thine oxidase (27), and the uric acid was oxidized with Cl, to alloxan (car- 
bons 2, 4, 5, 6) + urea (carbon 8) by a modified method of Liebig and 
Wohler (28), as reported by Sonne e¢ al. (2). The alloxan was isolated 
vethod | as the difficultly soluble half reduced alloxantin, washed free of contami- 
alt by} nants with water, oxidized to alloxan with H.O2, and hydrolyzed with 
vdered } Ba(OH), to urea (carbon 2) + CO2 + oxalic acid. The latter two, rep- 
cluded | resenting carbons 4, 5, and 6 of the original adenine, were trapped as the 
experi: | mixed barium salts. The two urea fractions were separately hydrolyzed 
by urease to COz, which was collected in alkali. 
oxperi- The purine degradation products were counted as BaCO; (29), while the 
purines themselves were counted under geometrical conditions which were 
carried | similar to those employed with the BaCO 3. The two methods do not give 
modi- | identical counts, but the differences are not great (29). 


nd Le- 
in dry Results 
e solid Formic acid was incorporated into both adenine and guanine of the 


1s were} nucleic acids of the internal organs of the pigeon (Table I). A small but 
ter and} definite amount of formic acid was oxidized to CO:. During the first 12 
d, and} hours, the level of respiratory C“O, increased quite rapidly to give an 
nents? | average of 6.5 per cent of the administered formate during this same period. 
; minus} Intestinal bacteria are not considered as the source of this CO: since pigeon 
tic acid} liver homogenates have been found to oxidize radioactive formic acid in 


ted 
trae *Marsh, W. H., and Greenberg, G. R., unpublished data. 
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the order of magnitude of 0.2 um per gm. wet weight of liver per hour, 
The rate varies considerably with different pigeon livers. The level of 
activity incorporated into the adenine was higher than that of the guanine, 
the ratio being 1.0:0.58. C'-Formate was incorporated into the uric acid 
molecule with a dilution of 3.0 times on the assumption of 2 moles of for- 
mate per mole of uric acid, whereas on the same basis the dilution was 151 
and 267 times respectively in the case of adenine and guanine of the nu- 


TaBLeE I 
C4-Formate Fed to Adult Pigeon 
Experiment 1—25 mM of sodium formate fed by stomach tube to a 352 gm. pigeon 
over 3 days. Administrations were at 4 hour intervals, three times a day. Reg. 
piratory COs: collected in alkali was obtained at these times. 








C.p.m. per mu 
MUSPIHUG MOU crtig ttn cacao ad oe eS 40 ,000 
Guanine from nucleic acids....................... 310 
Adenine “ es jo ER OR Se eee 530 
OTE tS Ceci.) (0 oo) 1: 26,700 
Respiratory COz (average Ist 12 hrs.)............ 140 








TaBLeE II 
C'4.Formate Fed to Chick 


Experiment 2—8 mo of sodium formate thoroughly mixed in the chick meal were 
fed ad libitum over a 3 day period. Weight of chick at beginning of experiment 
54 gm., at end 63 gm. 








C.p.m. per mu 
itsemrerete rth Ue 4) tit eqs pied ean eons Abra aisle 103 ,000 
Guanine from nucleic acids........................ 24,000 
Adenine “ * Pate cee Ne eva Olek roar nee 31,600 
ASPAG BOLE STON OXOTOUR <5 cas ccd ep ens es crene seniors 58 , 500 





cleic acid. The low level of isotope found in the adenine and guanine 
excluded degradative procedures. 

In order to obtain a higher level of isotope in the nucleic acid purines, a 
growing bird was used which was synthesizing nucleoprotein at a more 
rapid rate than was the adult. A 1} week-old chick was chosen as a test 
animal. 

The results of Table II show that formate was incorporated into une 
acid with a dilution of 3.5, while the dilution in the case of the nuclei 
acid adenine and guanine was only 6.5 and 8.5 times respectively. There 
is thus over a 20-fold increase in the level of activity of carbon incorporate 
in the nucleic acid purines of the growing chick as compared with that d 
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the adult pigeon. The ratio of specific activity of adenine to guanine in 
this case, in which practically the entire carcass was used, was 1.0:0.7. 
The significance of the ratios of adenine to guanine activities is not ap- 
parent at this time. The initial work of Brown and coworkers showed 


» an almost constant ratio of 1.0:0.6 in nucleic acid purines of rat internal 


organs when adenine was fed. Subsequently they have found varying 
ratios, especially when the compounds fed were adenine ribose compounds 
(30), and Reichard (6) has found that, in certain instances, the activity 
of guanine exceeded that of adenine in rats fed N-labeled glycine. As 
judged from the pigeon internal organs as well as from the entire chick, it 
would appear that adenine of the nucleic acids is metabolically more active 
in relation to its pool size than is guanine. 


Taste III 
Degradation of Guanine; Experiment 2 














C.p.m. per mm 
Carbon 2* RPE roa eater ee 10,000 
4 a See RN nn ee ee 490 
ae UO eS tort EA ie 1,600 
OT 5 ees eal seen bee ootin Na a alc a ea 550 
ae =a kona ks i tl nc ol ice Re RCT Ae 11,700 
Ratio of activity, C-8 to C-2... Pe Se eee 1.1:1 





* The value for carbon 2 was obtained by difference from the activity of a 2 + 6 
fraction. 

{ Carbon 6 was obtained by an oxidative procedure as a separate fraction as 
described. 


On degradation of guanine from the chick, 90 per cent of the incorpora- 
ted activity was found in carbons 2 and 8 (Table III). The remainder of 
the activity was distributed in the three central carbons. The ratio of 
activity in carbon 8 to carbon 2 was 1.1:1. It was considered that this 
ratio might be slightly in error, due to oxidation of the CO fraction to CO. 
under the conditions of the hydrolysis, with the result of an erroneously 
high value as calculated for carbon 2. To get an approximation of this 
contamination of carbon 2 by carbon 8, a sample of synthetic hypoxan- 
thine containing radioactivity only in carbon 8 was hydrolyzed under iden- 
tical conditions. This gave a contamination value of about 2 per cent. 
The values given in Table III have not been corrected, since it was felt 
that the hypoxanthine hydrolysis gave only an order of magnitude. The 
ratio of labeling found in carbons 4 and 5 was close to that found by Karls- 
son and Barker (31) in uric acid of young pigeons fed formate, and may 
indicate that formate can donate to the a-carbon of glycine fairly readily, 
possibly by direct synthesis of glycine or by reversal of the mechanisms 
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shown by Sakami (32), Chargaff and Sprinson (33), and Anker (34) 
“Formate” + glycine = serine = pyruvate = 


oxalacetate = succinate (randomization) 


The adenine sample from Experiment 2 was lost. In order to determine 
the relative degree of labeling in carbon 2 as compared to carbon 8 in ade- 
nine, a second chick experiment was carried out. The results are pre- 
sented in Table IV. The adenine isolated from the chick had a specific 
activity of 106,000 c.p.m. per mm after the addition of carrier adenine for 
purposes of isolation. The results of two degradations of aliquots of this 
sample with differing amounts of carrier added in the course of each degra- 
dation indicate a ratio of specific activities of carbon 8 to carbon 2 of 
almost 1:1. Thus, when compared with the results given in Table III 


TaBLe IV 
Degradation of Adenine 


Experiment 8—Chick fed 4 mm of sodium formate (4 million c.p.m. per mm) over 
a 3 day period, as in Experiment 2. For isolation, see the text. 











C.p.m. per mM 
Degradation 1 Degradation 2 
CAT OO) CBR ae gem oie AC aR IRE Tsar hee Ar mea SO Pear 103 456 
MMB a sti Siva Olde eens EIT ee eka ee erg Rr ae 108 475 
Ratio of Activity, C-o'tO C-2 coe hoe ie car 1.05:1 1.04:1 








for guanine, it can be seen that fed formate is incorporated approxi- 
mately equally in carbons 2 and 8 of both adenine and guanine of the nv- 
cleic acids of the chick. 


DISCUSSION 


Since the work reported above was done, it subsequently has been shown’ 
that, when radioactive formaldehyde is incorporated into hypoxanthine i 
pigeon liver homogenates, the carbon 8 to carbon 2 ratio of specific activ: 
ties is 0.96:1.00. It would appear that formate (or formaldehyde) unde 
widely varying conditions is incorporated almost equally into carbons? 
and 8 of uric acid, hypoxanthine, and inosinic acid, and adenine and gus 
nine of the nucleic acids. The values for the incorporation of formate 
into carbons 2 and 8 of uric acid may best be obtained from the data d 
Sonne et al. (2) in their experiment with carboxyl-labeled acetate in whid 
formate was subsequently shown to be the primary labeling agent (@ 
The results of this experiment gave a ratio of carbon 8 to carbon 2 é 
1.04:1. The equal incorporation of formate into carbons 2 and 8 of int 
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sinic acid is implicit in the findings of Greenberg! that inosinic acid is a 
precursor of hypoxanthine and that the activity found in inosinic acid on a 
molar basis is equal to the activity of 2 moles of undiluted C™-formate. 
tion) The significance of these findings, as far as explaining metabolic path- 
mine | ways of purines is concerned, cannot be stated unambiguously at present. 
‘ade. | The simplest explanation would be that a common synthetic pathway 
pre | exists to the point of a common purine precursor, which then can be used 
ecific | either for synthesis of nucleic acid purines or for excretory purines, and 
1e for | that all the purines derive their carbons 2 and 8 from the same pool. As 
f this | stated earlier, the idea of a common pathway was suggested by Barnes and 
legra- Schoenheimer (1), but neither their data nor the material presented here 
. 2 of | precludes individual routes of synthesis of different purines. It is of in- 
le II] | terest in this connection that Roll, Brown, Di Carlo, and Schultz (30) have 
reported that adenine administered as the ribose derivative resulted in 
labeled nucleic acid adenine and guanine to about the same degree in each 
of these purines, whereas this was not the case when adenine as the free 
) over | base was fed (12). It might be implied that adenylic acid or adenosine 
_____ }_ is more readily converted to the ‘common purine precursor” than is the 
corresponding free base. This point may be checked by subsequent inves- 











ation2 | tigation. 
It is not likely that a ratio of 1:1 of the formate positions might be due 
6 to a randomization of the labeling at some point in the synthesis. The 
ink small dilutions of isotope reported in both the uric acid experiments of 
Sonne et al. (2) and in the inosinic acid experiments of Greenberg (3) 
_ would indicate that, were randomization to occur, both of the symmetri- 
the a cal carbons must have contained isotope. It is also practically impossible 
to write hypothetical intermediates which would allow randomization of 
carbons 2 and 8 and yet exclude randomization of the glycine nitrogen 
incorporated into position 7 (2, 35). 
eel The possibility exists that incorporation of radioactive carbon into these 
chine two posit ions of the purines might show differences under other experimen- 
> ada tal conditions. If the amounts of isotopic compound administered were 
») unde not so great as to saturate the pools and the enzyme systems involved in 
bons 2} Purine synthesis, values differing from 1:1 might be found. Recently 
nd Heinrich and Wilson (36) have reported carbons 8 to 2 ratios differing 
fornill from 1:1 when both doubly labeled glycine and labeled formate were incor- 


data porated into nucleic acid guanine of growing rats. This may represent a 
difference in metabolic pathway or experimental conditions from those 
vent ( described above. a 

ll 9 ¢ At the present time it may be concluded that, if the loss of carbon from 
8 of it either the 2 or 8 position is a necessary chemical sequence for the incor- 
poration of adenine into nucleic acids or for its conversion into guanine, 


in whic 
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such a reaction either was masked by the high levels of synthesis of ade- 
nine and guanine de novo, or any possible loss of carbon was followed by 
reincorporation of carbon which had equilibrated with the pool of com- 
pound fed. Further tests to determine these points are in progress. 


SUMMARY 


Radioactive formate has been administered to adult pigeons and grow- 
ing chicks and various purine fractions analyzed for radioactivity. 

It has been shown that formate is oxidized to a small extent to CO, in 
pigeons, and that this oxidation also occurs in vitro in liver homogenates, 

The formate was incorporated into adenine and guanine of the internal 
organs. Based on the dilution of carbon in the excretion product, uric 
acid, labeled carbon from formate undergoes a significantly smaller dilu- 
tion when incorporated into the nucleic acid purines of the growing chick 
than when incorporated into the nucleic acid purines of the adult pigeon. 

The isotope was found almost equally distributed in the 2 and 8 posi- 
tions of adenine and guanine from the chick. The possible significance 
of this distribution in relation to metabolic pathways of purines is dis- 
cussed. 


I am indebted to Dr. G. R. Greenberg for his suggestion of the problem 
and continuing interest in its progress. 
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PAPER CHROMATOGRAPHY OF METHYL ESTERS OF 
PORPHYRINS* 


By T. C. CHU,{ SISTER AGNES ANN GREEN, anp EDITH JU-HWA CHU 


(From the Department of Chemistry, Immaculate Heart College, Los Angeles, 
California) 


(Received for publication, December 19, 1950) 


A micromethod for detecting and determining various porphyrins ex- 
tracted from biological materials, especially nervous tissues (1), is needed. 
The technique of filter paper chromatography by Consden, Gordon, and 
Martin (2), with modification by Williams and Kirby’s capillary ascent 
(3), has been applied to the problem in this study. The recent paper by 
Nicholas and Rimington (4) on partition chromatography of porphyrins 
prompts us to record our results on paper chromatography of the methyl 
esters of porphyrins.!. By using the double developing technique described 
below, we have been able to distinguish between esters of coproporphyrin 
I and III and those of protoporphyrin IX and mesoporphyrin IX re- 
spectively. 

Procedure and Results 


The apparatus was simply assembled from two beakers, one 250 ml. and 
one 1000 ml., set up cencentrically, a piece of ordinary 6 mm. rubber 
tubing, and a piece of thick plate glass. The small beaker served as the 
container for the developing solvents and the larger one as the chamber 
_ for maintaining a saturated atmosphere of the desired solvent. The 
mouth of the liter beaker was trimmed with the rubber tubing, cut lon- 
gitudinally and stapled end to end, to serve as a gasket between the beaker 
and the plate glass cover. Two sets of such apparatus were required for 
one complete development. 

A great number of solvents were tested as the developing agents. All 
porphyrin esters tested traveled to the solvent front in most solvents and 
did not travel at all in other solvents. The following solvents were found 
to give a separation of methyl esters of uroporphyrin I, coproporphyrin, 
and protoporphyrin IX, but made no distinction between the isomers, 
coproporphyrin I and III: (a) n-butyl bromide, (b) benzene and kerosene, 
(c) ethylene bromide and kerosene, (d) bromobenzene and kerosene, (e) 


*This investigation was supported by a research grant from the National In- 
stitutes of Health, Public Health Service. 

+ On leave from the Institute of Chemistry, Academia Sinica, China. 

‘The authors are very much indebted to Dr. C. J. Watson and Dr. 8. Schwartz, 
University of Minnesota, for their generous gift of methyl esters of coproporphyrin 
Tand III, uroporphyrin I, and protoporphyrin IX. 
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chlorobenzene and kerosene. On the other hand, a mixture of oleic 
acid and kerosene differentiated between the methyl esters of copropor. } 
phyrin I and III, but gave no distinct separation of the methyl esters 
of uroporphyrin I and coproporphyrin I. It has been found that two 
successive developings with the following two solvent systems gave a satis. 
factory separation of the methyl esters of coproporphyrin I and III, proto. 
porphyrin IX, mesoporphyrin IX, and uroporphyrin I. The first devel. | 
oping solvent system was composed of chloroform and kerosene, and the } 
second system was composed of n-propyl alcohol and kerosene. The sol- 
vent pairs (d) and (e) mentioned above were also found to be satisfactory 
as the first developing agent, but with lesser intensity of the fluorescent 
spots. 

The procedure for preparing the paper chromatogram was as follows: 
Whatman No. 1 filter paper was cut into sheets of 12.5 X 14.5 cm., and 
spotted along the basal line, drawn 2 cm. from one of the longer edges, 
with acetone solutions of the methyl esters of the porphyrins by capillary 
pipettes (5), which delivered about 0.3 uml. of solution per drop. As 
many as twelve spots were conveniently placed on the same sheet of paper. 
The paper was then made into a cylinder by means of two capillary glass 
hooks. In the meantime the first developing chamber was saturated with 
chloroform for 5 minutes. Then the developing solvents, 4 ml. of kerosene 
and 2.6 ml. of chloroform, were successively delivered into the small 
beaker by pipettes. The spotted paper cylinder was inserted immediately 
after the solvents were thoroughly mixed by gently tilting the covered 
chamber. The chromatogram was allowed to develop at room tempen- 
ture (24°) for 25 minutes.2 By that time the solvent front was about 75 
mm. from the basal line. Then the cylinder was taken out and placed on 
a sheet of paper to drain for a second. Meanwhile the solvent front was 
marked with a pencil. After being dried in an oven at 105-110° for about 
4 minutes and cooled to room temperature, the cylinder was placed into 
the second developing chamber, which had been saturated with kerosene 
before the introduction of the developing solvent, consisting of 5 ml. of 
kerosene and 1 ml. of n-propyl alcohol. After the solvent ascended to the 
same front, the cylinder was taken out and dried again. The time needed 
for the second developing was about 40 minutes. The positions of the 
porphyrin esters were then located under ultraviolet light from a mineml 
light of 3660 A. Methyl esters of coproporphyrin III, protoporphyrin IX, 
and mesoporphyrin IX usually appeared as center-dense red fluorescett 
spots, while those of coproporphyrin I and uroporphyrin I were muti 
more intense and evenly illuminated with sharp boundaries, although thet | 


* The time may be reduced to 15 minutes if only the low Rr value members # 
to be determined, or it may be increased to 35 minutes if a better separation ¢ 
proto- and mesoporphyrin is desired. The Rr values are essentially the same. 
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fluorescence was invisible or barely visible before the chromatogram was 
dried after the second dip. The paper chromatograms obtained from the 
double development and from the single development with either solvent 
system alone are shown in Fig. 1. It is obvious that only the combination 
of the two solvent systems gave the satisfactory chromatogram. The very 
faint streaks above coproporphyrin I methyl ester may be due to a trace 
of contamination, although this has not yet been conclusively verified. 

The Ry value, the ratio of the distance traveled by porphyrin to that 
traveled by solvent, was calculated for each porphyrin ester and listed to- 
gether with the corresponding minimum detectable amount in Table I. 

Kerosene from several companies has been tried and found to give the 
same result. In place of kerosene a few pure alkanes have also been tried 
with successful results, but again with lesser fluorescent spot intensity, 
Their Ry values are tabulated in Table IT. 

In the place of n-propyl alcohol, isopropyl alcohol may also be used, 

Variations in temperature and concentration of spots affect the Ry val- 
ues but do not change the relative chromatographic sequence of por- 
phyrin esters. 

Free porphyrins do not move in these double developing solvent sys- 
tems. 

The quantitative determination of porphyrins by paper chromatography 
and the application of this method to the study of porphyrins from bio- 
logical materials are under investigation. 


SUMMARY 


A micromethod for detecting and separating methyl esters of copropor- 
phyrin I and III, protoporphyrin IX, mesoporphyrin [X, and uroporphyrin 
I by paper chromatography has been described. The satisfactory devel- 
oping solvent system was composed of two mixtures, the first being chloro- 
form and kerosene and the second n-propyl alcohol and kerosene. The 
Ry values for these esters were determined. 
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THE CONVERSION OF ALLOXAN TO ALLOXANIC ACID 
IN PLASMA 


By DAVID SELIGSON* anp HARRIET SELIGSON 


(From the George S. Cox Medical Research Institute, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, October 27, 1950) 


Since the discovery of alloxan diabetes in 1943 (1), several investigators 
have discussed the possibility that alloxan might be involved in some way 
in the pathogenesis of diabetes mellitus. Dunn et al. (1) considered this on 
the ground that alloxan was chemically related to uric acid. Lazarow (2) 
reviewed the possible relation of alloxan to diabetes and discussed the pro- 
tective mechanism of the sulfhydryl compounds. Conn, Louis, and John- 
ston (3), having demonstrated that adrenocorticotropic hormone (ACTH) 
caused a fall in blood glutathione and temporary diabetes in human sub- 
jects, compared the action of ACTH to that of alloxan, which also lowers 
blood glutathione and causes glycosuria. The rapid disappearance of al- 
loxan in plasma (4, 5) makes it necessary to determine quantitatively the 
end-products in investigating the relation of alloxan to diabetes mellitus. 
In this paper the decomposition products of alloxan have been studied as a 
contribution to the problem of the relationship of alloxan to diabetes 
mellitus. 

The instability of alloxan has been studied (4-6) and the conversion of 
alloxan to salts of alloxanic acid in alkali has been described (7-9). Al- 
loxanic acid has been characterized by the elementary analysis of its 
barium salt (8), of its methyl and ethyl esters (7), and by its oxidation to 
parabanic acid (7). The conversion of alloxan to alloxanic acid has also 
been followed by means of the hydrogen ion concentration of the reaction 
(9). Since these procedures are unsatisfactory for use in biological fluids, 
we have used hydrolytic and oxidative reactions combined with paper 
chromatography. With these methods, which have not hitherto been 
applied to this problem, the decomposition of alloxan in buffers and plasma 
has been studied. 


Methods 


The reaction of alloxan with alkali (7) has been employed for the prepa- 
ration of the alloxanates used in this investigation (I and II). Hydroly- 
sis of alloxan or alloxanate in hot alkali liberates the salt of oxomalonic 
acid (III) and this reaction was used for the preparation of oxomalonate. 


* Postdoctorate Research Fellow of the National Institutes of Health, 1949-50. 
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Determination of Oxomalonic Acid 


Oxidation with Ceric Sulfate secon 


Reagents—0.01 m disodium oxomalonate, 0.01 N ceric sulfate in 3 n 
H.SOx,, 0.002 n ferrous ammonium sulfate in 3 N H.SO,, 18 n sulfuric acid, jroo 
0.005 m osmic acid in 0.1 n H.SO,, 0.005 m o-phenanthroline. | Alloxas 

Procedure—1 ml. of 0.01 m oxomalonate is treated with a measured ex- —— 
cess of 0.01 N ceric sulfate, 1 drop of osmic acid catalyst, and sulfuric acid | * 
to about 3 n. After standing 15 to 30 minutes, the excess ceric sulfate is 
titrated with standard ferrous ammonium sulfate with o-phenanthroline 
as the indicator. Oxidation may be performed without the catalyst by 
heating to 50° for 5 minutes or by standing at room temperature for 1 to 
2 hours. The data in Table I show that the theoretical oxidation of oxo- 
malonate occurs. 





metric 
from ( 


Oxidation to Liberate CO» Pro 
measu 
Reagents—0.0006 m disodium oxomalonate, 0.4 N ceric sulfate in 3 N The d 


H.SO, plus 1 drop osmic acid solution (above) per 2.5 ml. of ceric sulfate. 

Procedure—0.5 ml. of oxomalonate is oxidized with 1 drop of the ceric 
sulfate reagent and the liberated CO, is received in Ba(OH): and meas- 
ured alkalimetrically by a microdiffusion method similar to that of Conway On 
(10). Table I shows that the theoretical amount of CO, is obtained. ter cal 


obtain 


in 0.0: 

Determination As 2,4-Dinitrophenylhydrazone of the 
Reagents—0.0002 m disodium oxomalonate, 2 ,4-dinitrophenylhydrazine,} Acid | 

4 mg. per ml. of 6 n HCl, 1.5 n NaOH. action 
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Procedure—Oxomalonate reacts readily with 2,4-dinitrophenylhydra- 
Vj sine, forming a yellow hydrazone which turns bright red in alkali. 1.0 ml. 
of oxomalonate is allowed to stand at room temperature with 0.25 ml. of 
the dinitrophenylhydrazine reagent for 1 hour. 10.0 ml. of 1.5N NaOH 
are added and after 10 minutes the color is read in an Evelyn photoelec- 
tric colorimeter with a No. 490 filter. The conditions for this procedure 
were determined from the following data. The reaction between oxoma- 
0H Jlonic acid and 2,4-dinitrophenylhydrazine is complete in 60 minutes at 
25°. Maximum production of the red color occurs when the hydrazine- 
cid’ hydrazone mixture is brought to a final concentration of NaOH of 1.3 to 

1.6Nn. The peak of optical density of the hydrazone is 455 my, but the 

490 Evelyn filter is used because it reduces to a negligible amount the in- 

terference by color due to the reagent. Under these conditions the colori- 





TABLE I 


Stoichiometry of Oxidation of Standard Solutions of Alloxan, Allozanate, 
and Oxomalonate 


























Theoretical Observed* 
Compound 
Ce(SQe)s | COr 4 | Ce(SOu)s used | COs liberated 

7 eur —_ \ oi ——-, per moles per mole 
> acid, | Aozan 5g elisha och gaa Be avae epee a a 0 0 0 

PO MECRRMGGO So. 5.59) nase bo he enous RS y 1 2.00 + 0.02 | 1.00 + 0.01 

OXOMAIOB ALE. 26.66.05 0c cere 4 3 4.00 + 0.02 | 3.00 + 0.03 
ed ex- 
c acid | *Mean + s.e.m., based on fifteen determinations. 
fate is 


metric measurement of oxomalonic acid follows Beer’s law for the range 


ne from 0 to 0.075 m per ml. of final solution. 

yst_ by 

r 1 to Reactions of Alloxanic Acid 
of oxo- 


Oxidation with Ceric Sulfate 


Procedure—The methods described for oxomalonic acid were used to 
measure ceric sulfate reduction by alloxanate and COs liberation from it. 
The data shown in Table I demonstrate that the theoretical reactions are 
obtained. 


in 3.N 
ulfate. 
‘an Hydrolysis of Alloxanate 

onway} On alkaline hydrolysis alloxanate liberates oxomalonic acid and the lat- 
d. ter can be detected as described above. Hydrolysis at 15 pounds pressure 
in 0.05 to 1.0 nN NaOH for 10 to 30 minutes gives stoichiometric liberation 
of the keto acid as measured against standard oxomalonate solutions. 
razine,| Acid hydrolysis releases oxomalonate, which partly decomposes in the re- 
action mixture. 
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Reaction with Diacetylmonoxime 


Archibald (11) showed that yellow color is formed on heating diacetyl. 


monoxime, a sulfuric-phosphoric acid mixture, and alloxanic acid. Fig. | 


shows that when this procedure is used, with the concentrations stated, , 


the rate of color development of urea is almost 20 times that of alloxanate 
at 10 minutes. This reaction was used to determine whether or not urea 
or a substituted urea is formed during the breakdown of alloxan in plasma, 
since the formation of such ureas would lead to far greater color produc- 
tion than that of the known alloxanate concentration. 


od o 


OPTICAL DENSITY 
fe) ie) (eo) fe) 
ND Ww ES 51) 


fe) 





ie) 





0 4 6 l2 16 20 
HEATING TIME -MINS. 


Fig. 1. Rate and amount of color formation on heating urea (0.27 um per ml.) 


and alloxanic acid (1.75 um per ml.) with diacetylmonoxime in a sulfuric-phosphoric 
acid mixture. The measurements were made with the Evelyn colorimeter with 
Filter 440. O, urea; @, alloxanic acid. 


Paper Chromatography 


Alloxanic acid can be qualitatively and quantitatively identified by iso- 
lating it on a partition paper chromatogram. On paper it is sufficiently 
acid to change brom phenol blue (0.04 per cent) from blue to yel- 

-low. When sprayed with a silver ammonia reagent (0.05 m AgNO; in 2 u 


NH,OH) and exposed to light, the spot turns to a deep brown. The spot 


may be eluted and the eluate measured for ketones before and after alka- 
line hydrolysis, as described under oxomalonic acid. The difference is due 
to the presence of alloxanate. Ascending and descending chromatograms 
were used. In the former, butanol saturated with 1 Nn p-toluenesulfonic 
acid provided a solvent which isolated alloxanate (Rr 0.45). The methol 
of Lugg and Overell (12), in which n-amy] alcohol is saturated with 5% 
formic acid, gave low Ry values. However, when the solvent was allowed 
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to run off the paper and the distance which alloxanic acid moved was com- 
pared to the distance moved by citric acid (an arbitrary standard), a ratio 
of alloxanic acid to citric acid of 0.30 was obtained. Oxomalonic acid was 
also identified by the same methods. It reduced silver to a deep brown 
color. Its mobility related to citric acid was 0.44 in the formic acid-amy] 
alcohol system. 


Reactions of Alloxan 
Oxidation with Ceric Sulfate 


Alloxan in acid solution is in a high state of oxidation and does not 
reduce ceric sulfate or liberate CO, as does alloxanic acid (Table I). Dia- 
luric acid will reduce ceric sulfate to form alloxan (5) and consequently 
CO, is not liberated. 


Reaction in Buffered Solutions 


Alloxan was added to potassium acid phosphate solution to make a solu- 
tion which was 0.2 m in phosphate and 0.01 in alloxan. Water and 
standard sodium hydroxide were added to 5 ml. of the alloxan solution to 
double the volume and increase the pH of the solution over the range 5.5 
to 8.0 by increments of 0.2 of a pH unit. At exactly 5 minutes after the 
addition of the alkali an aliquot was added to sulfuric acid, standard ceric 
sulfate, and osmic acid catalyst, and the excess ceric sulfate measured as 
described above. At the end of the reaction the pH of the buffer was 
determined with a glass electrode. The conversion of alloxan to alloxanic 
acid is measured by the amount of reducing agent formed in the various 
buffers. The fraction of alloxan that was converted to alloxanic acid as 
measured by ceric sulfate titration was confirmed by measurement of CO. 
liberation. Fig. 2 shows the per cent conversion of alloxan to alloxanic 
acid in buffers of varying pH in 5 minutes. Under these conditions the 
conversion is almost 50 per cent complete at pH 7.0 and 75 per cent com- 
plete at pH 8. Because this is a first order reaction, the data in Fig. 2 
may be recalculated from the equation k = 2.30/t log C)/C, where k is the 
velocity constant, Co is the concentration of alloxan at the start of the 
reaction, and C is the concentration at time ¢. In this way, the half life 
and the time to 99.5 per cent conversion under these conditions may be 
estimated. At pH 7.0 these are 5.2 and 40 minutes respectively, whereas 
at pH 8.0 they are 2.6 and 20 minutes respectively. 

In phosphate buffer the rate of conversion of alloxan to alloxanate was 
measured by the production of alloxanic acid (Fig. 3, Curve 1). A solu- 
tion of 0.1 m alloxan was diluted 1:10 with 0.1 m phosphate buffer, result- 
ing in a reaction mixture of pH 7.35 at 25°. At measured time intervals, 
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samples of the reaction mixture were transferred to equal volumes of 5 y_ 

sulfuric acid and the samples measured for CO2 produced by oxidation | 

with ceric sulfate. The per cent of alloxan remaining plotted on a semi. | 
80} pone 


70} 


Ww & oO fe) 
oO (2) (e) (2) 


PER CENT CONVERSION 
iY) 
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Ke 
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60 70 B0 90 
pH OF REACTION MIXTURE 





Fia. 2. Conversion of 0.01 m alloxan to alloxanic acid in 0.2 m phosphate buffers’ 
of varying pH in 5 minutes at 25°. i 
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Fie. 3. Rate of conversion of alloxan to alloxanate in buffer (Curve 1) ani 
plasma (Curve 2). The per cent of alloxan remaining in the reaction mixture is 
plotted on a semi-logarithmic scale. See the text. 


logarithmic scale against time is linear, indicating that the conversion 0 
alloxan to alloxanate is a first order reaction with a half life of 3.2 minute 
under these conditions. 

Alkaline Hydrolysis 


Alloxan reacts with hot alkali to liberate oxomalonic acid, as does allox 
‘anic acid. The above studies with alkaline buffers suggest that alloxat 
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may first be converted to alloxanic acid before the hydrolysis to oxomalo- 
nic acid occurs. 


Results 


The foregoing methods were applied to the study of the fate of alloxan 
in plasma in the following way. A plasma control was prepared by add- 
ing 1 volume of water to 9 volumes of plasma. Plasma containing alloxan 
was prepared by employing 0.1 M alloxan instead of the water used in the 
control, which thereby produced a solution of plasma containing 10.0 um of 
alloxan per ml. of plasma. A solution of alloxanate and plasma was pre- 
pared in the same manner, containing 10.0 um of alloxanate per ml. of 














TaB_eE II 
Recovery from Plasma of Added Alloxan or Alloxanate 
. Substituted 
NH:-N Urea N Non-protein N “cae - 
Sample Added 
Per ml. — Per ml. |Added N| Per ml.| N_ | Optical Fae may 
plasma recovered plasma |recovered| plasma = density caneeed 
cy - uM per cent 2 - per cent BM per cent per cent 
PreMs 5-0 vee ae es 0.13 9.0 23.4 0.115 
- + alloxanft...... 0.38 | 1.2 9.2 1.0 | 42.3} 94 | 0.308} 84 
+ alloxanatet... 41.7} 92 | 0.308} 84 





























* Expressed as alloxanate (see the text). 

+ Three aliquots of plasma were prepared from a single fresh sample. One of 
these was the blank; each of the others contained 10 ym per ml. of alloxan or allox- 
anate, or 20 um of nitrogen. 


plasma. The samples were allowed to stand open to the air for 1 hour at 
room temperature. The whole plasma was measured for free ammonia, 
urea, and CO, (Tables II and III). Substituted ureas were measured by 
treating 2.0 ml. of plasma with urease to remove urea, deproteinizing with 
12 ml. of 3.3 per cent trichloroacetic acid, and carrying out the diacety]- 
monoxime reaction on 4 ml. of the filtrate. The results are listed in Table 
II as optical density from the reaction and are compared to a standard 
alloxanate solution. The three plasma mixtures were deproteinized with 
4 volumes of 5 per cent trichloroacetic acid. The filtrates were analyzed 
for non-protein nitrogen (Table II), CO, liberated by ceric sulfate oxida- 
tion, and ceric sulfate reduced (Table III). The trichloroacetic acid fil- 
trates were made weakly alkaline with NaOH and hydrolyzed under pres- 
sure. The liberation of CO, after oxidation, ceric sulfate reduction, and 
ketone formation were measured on the hydrolyzed specimens (Table IV). 
The plasma filtrates contained some ketones which were increased slightly 
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after hydrolysis (Table IV). The nature of these plasma ketones has not 
been determined. 


Tase III 
Oxidation of Filtrates of Plasma to Which Alloxan or Alloxanate Was Added 











CO: from oxidation of | Ce(SO«)2 reduced by 
Free COs filtrate* filtrate 
Sample per ml. 
plasma Per ml. |Alloxanate| Perml. | Alloxanate 
plasma __|recoveredt plasma _ | recovered 
uM BM per cent peq. per cent 
OSE Sooo oy ee PRO nen ee 19.0 3.28 3.75 
e mie. | Ce} <2) a a rr ar 16.2 12.50 92 12.50 88 
oe “Isl RNOKANAUOT 5)... 5 < cones cece 12.84 96 12.85 91 




















* Trichloroacetic acid filtrates, prepared 1:5, 1 hour after the addition of the 
compounds tested. 

+ Alloxanate is oxidized by 2 equivalents of Ce(SO,)2 and on complete oxidation 
liberates 1 um of COz. Therefore, 10 um of alloxan per ml. of plasma, if converted 
to alloxanate, are equivalent to 20 microequivalents of Ce(SO,)2 or 10 um of CO». 

t The mixture contains 10.0 uM of alloxan or alloxanate per ml. of plasma. 


TaBLeE IV 


Oxidation of Hydrolysates of Filtrates of Plasma to Which Alloxan or 
Alloxanate Was Added 




















Hydrolyzed trichloroacetic acid filtrates* 
CO: from oxidation Ce(SO«)2 reduced Ketones liberated 
Sample 
Oxomalo- Oxomalo- Oxomalo- 
Per ml. Per ml. Per ml. 
nate re- nate re- nate re- 
plasma coveredt plasma covered plasma covered 
uM per cent peg. per cent BM per cent 
BABIN Aigo. stish sins a omc 11.5 6 | 15.0 1.30 
. + alloxanft........... 30.1 62 42.6 69 8.35 70 
“+ alloxanatet........ 30.5 63 42.1 | 69 8.25 70 

















* Trichloroacetic acid filtrates of plasma, prepared 1:5, were hydrolyzed in dilute 
alkali and determinations made on the hydrolysates. 

+ The assumption is made that alloxanate is hydrolyzed to oxomalonate, which 
in turn is oxidized by 4 equivalents of Ce(SO,)2 and on complete oxidation liberates 
3 moles of CO. 

¢ Contained 10.0 uM of alloxan or alloxanate, which after hydrolysis is equiva- 
lent to 30 um of CO2 or 40 microequivalents of Ce(SOx,)e. 


The results indicate that negligible amounts of urea and ammonia were 
liberated when alloxan was added to plasma (Table II). On the other 
hand, since alloxanate is formed from alloxan, free CO» was lost from the 
plasma. Table II shows that 92 to 94 per cent of alloxan nitrogen and 
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alloxanic acid nitrogen was recovered in the filtrate. ‘The diacetylmonox- 
ime reaction on a trichloroacetic acid filtrate of the urea-free plasma sam- 
ples showed that the plasma containing alloxan gave the same color as the 
plasma containing alloxanic acid. This indicates that no monosubstituted 
urea is formed by the decomposition of alloxan in plasma, since, as shown 
in Fig. 1, urea gave considerably more color than alloxanate. The pro- 
duct of the decomposition of alloxan also followed an oxidative and hydro- 
lytic pattern similar to that of alloxanic acid in the trichloroacetic acid 
filtrates. Therefore, the conversion of alloxan to alloxanic acid was at 
least 90 per cent complete in plasma at room temperature for 1 hour. The 
reaction may be complete, since pure alloxanate also was recovered from 
plasma to the extent of 90 per cent. 

On alkaline hydrolysis, the plasma filtrates yielded 60 to 70 per cent of 
the added alloxan or alloxanic acid as oxomalonic acid. When pure oxo- 
malonic acid was added to plasma and put through the same reactions, 
essentially complete recovery was obtained in the unhydrolyzed filtrates, 
but only 50 to 60 per cent was recovered in the hydrolyzed filtrates. This 
indicates that plasma filtrates contain materials which when heated in 
alkali destroy oxomalonic acid. 

Qualitatively the breakdown product of alloxan in plasma was estab- 
lished by paper chromatography. The trichloroacetic acid filtrate was ex- 
tracted with ether three times to remove the trichloroacetic acid. The 
filtrate was concentrated by evaporation and applied to filter paper. The 
alloxanic acid was moved as described above and identified by its ability 
to reduce silver. It was extracted from paper, hydrolyzed, and measured 
as the 2 ,4-dinitrophenylhydrazone of oxomalonic acid. In this way the 
conversion of alloxan to alloxanic acid was established qualitatively. The 
rate of conversion of alloxan to alloxanic acid in plasma was measured as 
described above for alloxan in buffers. A solution of 0.1 m alloxan was 
diluted with 9 parts of fresh plasma. Samples of this reaction mixture 
(temperature 25°; pH 7.35) were added at measured time intervals to 5 Nn 
sulfuric acid to stop the reaction. The CO, liberated by oxidation with 
ceric sulfate was measured in each sample. The CO, of the same plasma 
not containing alloxan subtracted from the above provides the analytical 
data for establishing the conversion of alloxan to alloxanic acid in plasma. 
The data so obtained are shown in Fig. 3, Curve 2. The conversion in 
plasma is a first order reaction as in buffers, although the rate is slightly 


slower. 
DISCUSSION 


The results indicate that alloxan in plasma and neutral buffers is con- 
verted to alloxanic acid under the conditions employed. The change is 
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stoichiometric and complete in the buffers and probably so in plasma. In 


plasma 90 per cent of alloxan was recovered as alloxanic acid. Noenzyme | 


system is needed, for the reaction is catalyzed by hydroxyl ions, and, as 
Fig. 2 shows, is rapid. The almost complete conversion of alloxan to al- 
loxanic acid in plasma leaves little alloxan available in blood for detection 
by chemical methods. However, the relatively stable alloxanic acid is 
available for determination, and the présence of alloxanic acid in biologi- 


cal material should be good evidence of the previous presence of alloxan, | 
Therefore, a study of alloxanic acid should aid in determining whether or — 


not alloxan is related to uric acid metabolism and human diabetes. 


The results presented here indicate that alloxan added to plasma under | 


the conditions described is nearly all converted to alloxanic acid. This 
does not mean that alloxanic acid is the only product formed under all 
conditions. Other workers (2, 5) have shown that alloxan can react with 
certain constituents of plasma to form reaction products other than allox- 
anic acid. The reaction of smaller amounts of alloxan or the reaction of 


alloxan with tissues (cells) instead of plasma might well differ from that 
observed in our experiments. Nevertheless, it seems that the study of | 


alloxan metabolism by means of the conversion to alloxanic acid should 
be pursued as one method of attacking this complex problem. 


SUMMARY 


The nature of the decomposition of alloxan in plasma and buffered solu- 
tions has been examined. Alloxan is converted to alloxanic acid under the 
conditions employed. This reaction is complete or nearly so, is more rap- 
id with increasing alkalinity, and is a rapid first order reaction at room 
temperature. The conversion of alloxan to alloxanic acid has been studied 
by the following procedures which have not previously been applied to 
this reaction: (a) Oxidimetry with ceric sulfate, which distinguishes be- 
tween alloxan, alloxanic acid, and oxomalonic acid. Alkaline hydrolysis 
results in the stoichiometric formation of oxomalonic acid from alloxan or 
alloxanic acid. (b) The colorimetric determination, by a method de 
scribed herein, of oxomalonic acid. 

If alloxan plays any part in diabetes mellitus, its réle might be further 
elucidated by the study of its more stable conversion product, alloxanic 
acid. 
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DETERMINATION OF INULIN IN MUSCLE* 


By GEORGE ROSS anp REUBEN MOKOTOFF 
WITH THE TECHNICAL ASSISTANCE OF MARGARET ROSENBERG 
(From the Medical Division, Montefiore Hospital, New York, New York) 


(Received for publication, January 16, 1951) 


To calculate the intracellular concentrations of electrolytes in tissue, it 

is necessary to know the extent of the extracellular phase. It has been 
reported (1) that injected inulin has a smaller total volume of distribution 
than chloride, presumably because of its selective confinement to the extra- 
cellular space. Therefore, a method for the determination of inulin in 
tissue would perhaps permit a more precise definition of the ‘chemical 
anatomy”’ of the intracellular compartment than is now available on the 
assumption that all chloride is extracellular. 
Wilde’s method (2) for the determination of inulin in muscle is not appli- 
' cable for our purpose because it requires an inulin concentration in inter- 
stitial fluid of about 1 gm. per cent, which cannot readily be attained in 
man and is not practical economically. 

In the present method dilute alkali is employed for solution of the mus- 
cle (except for collagen and elastin fibers) and autoxidation of glucose (3), 
precipitation of protein with zinc hydroxide (4), and color development 
with resorcinol-thiourea (5). In addition, a satisfactory procedure was 
developed for the determination of the muscle blank for inulin-like sub- 
stances in the presence of inulin. 

Reagents— 

1. Sodium hydroxide solutions, 4 N, 0.85 N, and 0.5 N. 

2. Hydrochloric acid solutions, concentrated (sp. gr. 1.19), 5 N, 2.5 N, and 
0.5 N. 

3. Somogyi deproteinizing reagents (4). Solution I, 10 gm. of ZnSQ,-- 
7H,0 per 100 ml.; Solution II, 0.5 n NaOH. These solutions must neu- 
tralize each other, volume for volume, with phenolphthalein as indicator. 

4. Resorcinol-thiourea reagent (5). Dissolve 0.1 gm. of resorcinol and 
0.25 gm. of thiourea in 100 ml. of glacial acetic acid. Keep in a dark 
bottle. . 

5. Working inulin standards. A stock 0.1 per cent inulin solution is 
diluted to make working inulin standards of the following concentrations: 
2.5 y per ml., 5.0 y per ml., 7.5 y per ml., 10 y per ml., and 200 y per ml. 
The last standard is used for additive blanks as described below. 
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Procedure 


For Muscle—To 6 ml. of 0.85 n NaOH in a 50 ml. glass-stoppered gradu- 
ated cylinder add 0.5 to 2.0 gm.! of fresh tissue containing about 0.15 to 
0.4 mg. of inulin per gm. Heat in a boiling water bath with occasional 
stirring for 10 to 15 minutes and cool to room temperature. Add approx- 
imately 2 ml. of 2.56 n HCl and complete neutralization with 0.5 n HCl 
with litmus paper as an outside indicator. Add 10 ml. of 10 per cent 
ZnSO,-7H,O and 10 ml. of 0.6 n NaOH and dilute to 50 ml. Stopper 
and shake thoroughly. Allow to stand 10 to 15 minutes and filter through 
Whatman No. 42 filter paper. Transfer 3 ml. of filtrate in duplicate to 
Pyrex test-tubes (18 X 150 mm.), add 1 ml. of resorcinol-thiourea reagent, 
and 6 ml. of concentrated HCl. Cover with glass tears and heat for 10 
minutes in a constant temperature water bath at 80° + 1°. Cool to room 
temperature by placing in cold tap water for 2 minutes in the dark, remove 
from the cold water, and allow to stand at room temperature in the dark 





for another 3 minutes. Determine the light transmission with an electro- | 


photometer and a 520 my filter. The Fisher electrophotometer was used | 


in the present study. 


For Muscle Blank in Presence of Inulin—To 6 ml. of 0.85 n NaOH ina 


50 ml. glass-stoppered graduated cylinder add 0.5 to 2.0 gm.) of muscle. | 


Heat in a boiling water bath with stirring for 10 to 15 minutes, add 3 ml. 
of 5 n HCl, stir, and continue heating for 30 minutes. Add 6.5 ml. of 
4 n NaOH, stir, and heat for an additional 10 to 15 minutes. Remove 
from the bath, cool, and add 3 ml. of 5n HCl. Neutralize to litmus with 
dilute acid or alkali as required. Add 10 ml. of 10 per cent ZnSO,-7H;0, 
10 ml. of 0.5 n NaOH, dilute to 50 ml., stopper, shake thoroughly, and 
allow to stand for 10 minutes; filter through Whatman No. 42 filter paper. 
To 2 ml. of muscle blank filtrate in duplicate in a 18 X 150 mm. Pyrex 
test-tube add 1 ml. of H.O, 0.1 ml. of inulin standard containing 200 y per 
ml. with a 0.1 ml. serological pipette graduated in hundredths, 1 ml. of 
resorcinol-thiourea solution, and 6 ml. of concentrated HCl. Proceed with 
color development and determination of light transmission as for muscle 
above. 

For Reagent Blank—To 6 ml. of 0.85 n NaOH add 2 ml. of 2.5 n HC 
and neutralize to litmus with diluted acid. Add Somogyi reagents as 
above. Dilute to 50 ml. with water, shake, and filter through Whatman 
No. 42 filter paper. To 3 ml. of filtrate add 1 ml. of resorcinol-thiourea 


1 All muscle samples are weighed to the nearest mg. 

2 When 3 ml. of muscle blank filtrate were sampled for color development, a fine 
precipitate of ZnCl, formed which interfered with the photometric readings. The 
ZnCl; precipitation occurs because of the larger amount of NaCl present in the 
filtrate. When color is developed with 2 ml. of filtrate, no precipitation occurs. 
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reagent and 6 ml. of HCl. Proceed with color development as above. 
This solution is used to set the electrophotometer at the null point or 100 
per cent light transmission. An additive blank is prepared as follows: To 
2 ml. of filtrate in duplicate, add 1 ml. of water, 0.1 ml. of inulin standard 
containing 200 y per ml., 1 ml. of resorcinol-thiourea reagent, and 6 ml. of 
HCl. Develop the color in a constant temperature bath as described. 

For Standards—To 3 mal. of inulin standard solution containing 2.5, 5.0, 
7.5, and 10 y per ml. are added the resorcinol-thiourea solution and hydro- 
chloric acid as given under the directions for muscle. 

Calculations—The results are calculated in the following manner. 


(A) Unknown 


Density of unknown 1 
mg. standard 
Density of standard ne gm. sample analyzed? 


= mg. total inuloid material per gm. muscle 








(B) Blank 


(Density of additive muscle blank) P 
— (density of additive reagent blank) 
. standard 
Density of standard a aes 








gm. sample analyzed? 
= mg. inuloid material per gm. muscle blank 


A — B = mg. inulin per gm. muscle 
EXPERIMENTAL 


Recovery of Inulin Added to Muscle—Difficulty was encountered in the 
preparation of a satisfactory inulin solution for recovery experiments, since 
the inulin was found to contain varying amounts of fructose as well as 
intermediate breakdown products. These were altered during heating 
with alkali so that they no longer reacted with resorcinol. To avoid this 
difficulty the inulin solution was heated with alkali before adding it to the 
muscle and its concentration was determined by reference to the same 
standards against which the muscle filtrates were compared. In this way, 
the amount of alkali and heat-stable inulin added to the muscle was deter- 
mined. The recovery error varied from 0 to 4.2 per cent, with an average 
of +2.2 per cent (Table I). 

Determination of Muscle Blank—To determine the validity of estimating 
the muscle blank in the presence of inulin, cat gluteal muscle was analyzed 
before and after an inulin infusion. The results given in Table II show 


that there is no significant difference. Similar experiments in vitro were 
made with human muscle. 


*Sample analyzed = the amount of muscle represented by the aliquot taken for 
color development. 
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DISCUSSION > cen 


The red color obtained with this method follows the Beer-Lambert lay | 
over a concentration range of from 7.5 to 30 y of inulin. At higher con. = ™% 
































, oft 
TABLE | | V 
Recovery of Inulin Added to Muscle* doe: 
Muscle source Muscle sample Inulin added Inulin recovered Recovery error here 
avel 
gm. mg. mg. per cent f n 
Cat 1.56 0.234 0.232 ~0.9 ¥ 
0.69 0.278 0.276 ~0.7 clud 
1.55 0.278 0.289 +4.0 glyc 
0.73 0.502 0.522 +4.0 inul: 
1.37 0.502 0.503 +0.2 mg. 
5.0 3.91 3.79 —3.1 unde 
5.0 4.03 3.94 —2.5 
5.0 4.11 4.20 +2.2 OF 
5.0 4,22 4.22 0 F ide, 
Man 1.36 0.269 0.264 —1.9 | prot 
1.42 0.269 0.280 +4.1 
1.0 0.865 0.890 +2.9 
1.0 1.63 1.69 +3.7 4 
1.0 1.63 1.65 +1.2 , 
1.0 1.66 1.73 +4.2 auto 
1.0 1.72 1.76 +2.3 cinol 
3.0 4.11 | 4.1 0 blan! 
* 2 ml. aliquots were used instead of 3 ml. as outlined in the procedure. Use of ™ : 
the larger aliquot as described in the method made it possible to reduce the amount +41 
of inulin infused in man. mine 
TasLeE II tratic 
Similarity of Inuloid Muscle Blanks Obtained before and after Inulin 
Infusion in Cats and before and after Addition in Vitro of Inulin 
to Human Muscle 1. Gu 
The results are expressed in mg. of inuloid material per gm. of muscle. , “ 
4. 1 
Muscle source Thulin absent Inulin present 3. Lit 
on eo 
Cat 0.038 0.033 5. Ro 
0.053 0.044 a It 
0.038 0.032 denies 
0.010 0.007 Aislne 
Man 0.087 0.087 
0.102 0.092 
0.079 0.082 
0.053 0.057 
0.024 0.019 
0.063 0.040 
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centrations there is a slight but consistent deviation and at lower concen- 
ore trations the error of the measurement becomes too great. Therefore for 
od most accurate results the muscle filtrate aliquot should contain an amount 
of inulin within this range. 

Whatever glycogen is present in the muscle at the time it is sampled‘ 
does not interfere with the analysis for inulin by the method described 
nite here. That this is true is demonstrated by the observations that the 
average inuloid blank of human muscle is low, whereas the inuloid blank 
of muscle to which glycogen has been added, under conditions which pre- 
clude its destruction, is high. Thus, in one experiment in which 25 mg. of 
glycogen were added to 1 gm. of muscle, 0.25 mg. of material measured as 
inulin per gm. was found, as opposed to an average inuloid blank of 0.06 
mg. per gm. In addition, glycogen yields only about 0.01 as much color 
under the conditions of the analysis as does the same amount of inulin. 

Other protein precipitants such as trichloroacetic acid, cadmium hydrox- 


ide, and tungstic acid were not as effective as the Somogyi reagents (4) for 
protein removal. 
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SUMMARY 


A method in which dilute alkali is employed for solution of muscle and 
autoxidation of glucose, zinc hydroxide for protein precipitation, and resor- 
cinol-thiourea reagent for color development and in which the inuloid 
blank may be estimated in the presence of inulin has been developed for 
the determination of inulin in muscle. The accuracy of this method is 
+4.2 per cent. It permits the use of moderate amounts of inulin to deter- 


mine the extracellular phase in studies of intracellular electrolyte concen- 
trations in man. 
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‘It is well known that glycogen disappears rapidly from excised muscle and other 
tissues. In all probability the degradation products formed in this procedure are 
destroyed during the heating with alkali. 
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METABOLISM OF AMINES 
I. MICRODETERMINATION OF MONOAMINE OXIDASE IN TISSUES 


By GEORGE C. COTZIAS anp VINCENT P. DOLE 


(From the Hospital of The Rockefeller Institute for Medical Research, 
| New York, New York) 


(Received for publication, January 5, 1951) 


Measurements of the activity of monoamine oxidase, which have been 
reported in the many papers that have followed the original description 
(1), mostly have been based upon the determination of the rate of oxygen 
uptake during an oxidative deamination. One disadvantage of this pro- 
cedure is the need for relatively concentrated preparations. If the pre- 
cision of the measurement is to be within 2 per cent with conventional 
manometric equipment under optimal conditions, it is necessary to have a 
quantity of enzyme at least sufficient to catalyze the consumption of oxy- 
gen ata rate of 10 um per hour.! Micro respirometers (2, 3) are capable 

of increasing the sensitivity by a factor of 10-*, but only subject to the 
| restriction that the volume of the sample be decreased to an approxi- 
mately comparable degree, so that they offer no advantage for the meas- 
} 








urement of samples of low concentration. An improved determination of 
the monoamine oxidase activity of dilute solutions such as are frequently 
encountered in the fractionation of tissue homogenates requires the use of 
a technique which is independent of the sensitivity-volume relation inher- 
ent in manometric methods. 

Ammonia production, which is equivalent to oxygen consumption with 
primary amine substrates (4), may be measured with much greater lati- 
tude in the matter of concentration, since the determination is made after 
transfer of the gas into a second solution of convenient volume. The 
procedure described in this paper is based on the measurement of the rate 
of ammonia production under conditions which make the quantity of en- 
zyme present the limiting factor in the reaction. The enzymatic reaction 
is conducted in the outer ring of a Conway unit (5) and the ammonia is 
titrated, after subsequent diffusion, into the center well (6). With this 
technique it is possible to determine the monoamine oxidase activity of 
solutions which are about twenty times more dilute than those measurable 
with manometric methods. 


‘Hotchkiss, R. D., personal communication. 
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Reagents 


Tyramine hydrochloride, 0.05 M (0.87 gm. per 100 ml.). This solution 
should be made in small quantity and any unused portion discarded after 
the 2nd day, since the content of preformed ammonia increases with time, 


As purchased, tyramine hydrochloride is usually too heavily contaminated | 
with ammonia for immediate use; the following purification has been found | 


to be satisfactory. 

A nearly saturated solution of tyramine hydrochloride is adjusted to pH 
10.5 with saturated Ba(OH). and aerated overnight under reduced pres. 
sure. In this way the preformed volatile amines are swept out. Barium 
is removed as the sulfate after addition of 5 n H.SO, in sufficient quantity 
to bring the pH to 4. The filtrate is evaporated to dryness in vacuo with 
protection of the capillary air intake by an acid trap, and then redissolved 
in a small volume of warm absolute alcohol. From this solution tyramine 
hydrochloride is crystallized at 4° by the gradual addition of ethyl ether, 
the crystals are removed by filtration with suction, washed several times 
with ether, and stored in a dark bottle in a desiccator. 

HCl, 0.1000 n and 0.0200 Nn, prepared by dilution of constant boiling 
mixture (7). 


K2B.0O,, saturated solution (approximately 70 gm. per 100 ml. of water), | 


Boiling during preparation greatly speeds solution of the metaborate crys- 
tals and expulsion of contaminating ammonia (5). 

Boric acid-indicator solution (6) with Duponol added to aid spreading of 
the liquid in the central chamber of the Conway unit: 5 gm. of H3BO; are 
introduced into a liter volumetric flask; 200 ml. of ethyl alcohol and about 
700 ml. of water are next added and mixed. After the boric acid is dis- 
solved, 10 ml. of mixed indicator (bromocresol green 0.033 per cent and 
methyl red 0.066 per cent in ethyl alcohol) and 0.1 gm. of Duponol C are 
added. The mixture is adjusted to the end-point of a reddish purple 
color with a small amount of 0.1 N NaOH and the mixture is then diluted 
to volume. 

Phosphate buffer, pH 7.3, » 0.2. 2.59 gm. of KH2PO, and 10.50 gm. of 
K-sHPO, brought to 1 liter volume with water which is freshly distilled so 
as to be free from ammonia. 


Procedure 


For measurement of the enzymatic activity of an organ such as liver ot 
kidney, the tissue is prepared in the cold room by first forcing it through 
the screen of a tissue press to remove the grosser strands of connective 
tissue. A sample of the pulp is then weighed directly in a tared Potter 
homogenizer tube (8), homogenized with a suitable volume of the phos 
phate buffer, washed into cellophane sausage casing (27/32, Visking Cor 
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poration), and dialyzed in the cold for about 16 hours against three 
changes of the same phosphate buffer. During dialysis, the outer solu- 
tion is stirred by the bubbling of air which has been passed through an acid 
trap to remove ammonia. After completion of the dialysis, the contents 
of the casing are washed into a calibrated cylinder and diluted with buffer 
to a final concentration of from 25 to 150 mg. of original wet tissue per ml. 

Conway units are made ready to receive the separate volumes of tissue 
suspension and of substrate by laying down barriers in the outer ring. 
Vaseline (for temperatures below 25°) or silicon grease (Dow Corning high 
vacuum grease is suitable for higher temperatures) is delivered from a 
syringe through a No. 14 needle so as to form a continuous ridge of about 
1 mm. in height, extending from the inner to the outer rim. A pair of 
such ridges separated by about 1 cm. constitutes one barrier; the second 
barrier is placed at the other extremity of the ring. This preparation 
makes it possible to use standard Conway units (obtainable in porcelain 
from Arthur H. Thomas Company, Philadelphia) for a procedure which 
requires preliminary temperature equilibration in a water bath before the 
reaction is initiated. 

When these preparations have been completed, the suspension of dia- 
lyzed tissue is mixed thoroughly with a mechanical stirrer and from it 
accurate 1 ml. samples are transferred into one side of the divided outer 
rings of each of four Conway units. Into the other side of the outer ring 
of two units, 1 ml. aliquots of 0.05 m tyramine solution are delivered; the 
other pair, which serves as blanks, receives the same volume of water. 
Approximately 1 ml. volumes of the boric acid-indicator solution are next 
introduced into the central wells. The units are covered with vaseline- or 
silicon-greased glass plates and immersed in a water bath (20° + 0.019), 
resting on a horizontal screen about 10 cm. below the surface. After 
about 20 minutes have been allowed for temperature equilibration, the 
units are tilted several times individually so as to mix the two solutions 
in each outer ring and the exact time of mixing for each unit is noted. 

At the end of 1 hour of digestion each unit is removed from the bath, 
placed on a towel, and blotted to remove most of the water on the outside. 
Thorough removal of all water is not necessary since any droplets which 
remain on the lid are sheared to the outside when the unit is partially 
opened by sliding the greased cover. The enzymatic reaction is termi- 
nated and the diffusion of ammonia is initiated by introduction into the 
outer ring of 1 ml. of the saturated metaborate solution. The unit is 
again closed, its contents are mixed by tilting, and it is then placed on a 
shaking platform (9) (about 1 cycle per second) for 3 hours at 20°. Trans- 
fer of ammonia under these conditions was found to proceed exponentially 
with a 50 per cent transfer time of about 20 minutes. The period of 3 
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hours, therefore, is quite adequate for the procedure as described, but 
with more viscid solutions, or with less efficient shaking, a longer period 
of time for diffusion must be allowed. 

Titration of the ammonia trapped in the boric acid solution is carried 
out under a fluorescent light (placed about 10 inches above and slightly in 
front of the titration platform) by delivery of the 0.0200 n HCl from a 
micro burette to an end-point which matches that obtained with a 1 ml. 
volume of the boric acid-indicator solution which has been placed in the 
center well of a duplicate Conway unit. The change of volume due to the 
introduction of HCl (0.1 ml. or less) is negligible and, in fact, tends to com- 
pensate for the slight transfer of water from the relatively dilute boric 
acid solution into the outer concentrated solution during the period of 
ammonia diffusion. If the titration must be deferred for several hours, 
however, the solution in the outer ring should be removed by suction after 
the 3rd hour of diffusion in order to prevent excessive concentration of the 
boric acid with resultant increase of acidity. 

In the present work it was convenient to define a unit of monoamine 
oxidase activity as the quantity capable of catalyzing the production of 
NH; at the rate of 1 wm per hour under the conditions of the test. If V, 
and V, are the volumes in ml. of 0.0200 Nn HCl required for titration of the 
sample and of the blank from which the tyramine was omitted, respec- 
tively, and ¢ is the time of digestion in hours, the number of units of en- 


zyme contained in the sample U is given by U = 20(V, — Vz)/t. It may | 


be noticed that this calculation ignores a possible contribution of ammonia 
from contaminated tyramine. In the procedure as outlined this should be 
negligible, but the purity of the reagent must be assured by direct meas- 
urement of a tyramine blank (tissue omitted). 


Observations 


Effects of Temperature and Substrate Concentration on Reaction—It may 
be seen in Fig. 1 that the relationship between the logarithm of the aver- 
age reaction velocity and the reciprocal of the absolute temperature devi- 
ates from the linear form as the temperature is elevated. Moreover, the 
depression of reaction velocity below the expected linear increase appears 
at lower temperatures when the concentration of substrate is higher. A 
probable interpretation of these results is that both increased temperature 
and increased substrate concentration favor some reaction which depresses 
the enzymatic reaction by means of an effect on the mitochondria which 
contain the system (unpublished observations). The phenomenon was not 
explored in any detail except to demonstrate that it occurred with homoge- 
nates from different tissues (liver and kidney) and species (rat, pig, calf) 
and with different substrates (tyramine and tryptamine). 
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The point of immediate significance is that a combination of opposing 
effects produces a sharp maximum of the average reaction velocity 
considered as a function of substrate concentration at the elevated temper- 
ature of 42°. This variation of reaction velocity with substrate concen- 
tration throughout the entire concentration range is encountered at tem- 
peratures between 30-45°. At 20°, however, there is a useful range of 
substrate concentration (0.025 to 0.100 m for tyramine) in which the aver- 
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Fic. 1. Average rate of ammonia formation from tyramine by rat liver homo- 
genate as a function of temperature. The rates observed with three different con- 
centrations of tyramine are given for each temperature. Note that the ordinate 


scale is logarithmic and the abscissa scale hyperbolic (proportional to the reciprocal 
of absolute temperature). 


age reaction velocity is practically independent of the substrate concentra- 
tion and, therefore, may be used to measure the quantity of enzyme in the 
sample (Fig. 2). The rate of deamination under these conditions remained 
constant during a 2 hour period of observation (Fig. 3). The pH optimum 
for the deamination of tyramine at 20° was broad. The average reaction 
velocity varied less than 10 per cent from pH 5.9 to 7.9, being maximal in 
the vicinity of pH 7.3. 

Reduction of Tissue Blank by Dialysis—The undialyzed liver homoge- 
nate yields a quantity of ammonia in the blank (tyramine not added) often 
of about the same magnitude as that produced by the enzymatic reaction 
which is being measured. In addition to its great magnitude, the amount 
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of ammonia yielded by the blank has the disadvantage of increasing with 
time, with the result that the necessary correction to obtain a net rate is 
both large and inaccurate. After dialysis, this amount is reduced by 
about 90 per cent and is almost independent of digestion time. 

Completeness of Ammonia Recovery—Homogenates of rat and pig livers, 
containing about 50 mg. of wet tissue per ml. of buffer (similar to homoge- 
nates usually employed), were incubated at 37° for 1 hour with equal vol- 
umes of ammonium chloride solutions of concentrations 2 to 40 uo per ml. 
On subsequent diffusion and titration, the ammonia was recovered to with- 
in 0.5 per cent. 

The fact that ammonia was not converted to urea in any significant 
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Fic. 2. Proportionality between the rate of ammonia production and the con- | 


centration of rat liver in the homogenate. Tyramine initial concentration was 0.025 
M, temperature 20°, pH 7.3. 

Fig. 3. Proportionality between the amount of ammonia produced and the titne 
of digestion. Tyramine concentration was 0.050 m, temperature 20°, pH 7.3. 


amount under the conditions of the test was shown by the constant value 
of the urea concentration in a series of digests. An increment of as little 
as 0.02 uM of urea above the 0.65 uM originally present in each digest could 
have been measured with the Archibald colorimetric urea method (10). 
Any ammonia that was converted to urea, therefore, amounted to less 
than 2 per cent of the 2 um which was produced in the hour of digestion. 
Confirmation of this observation was obtained by experiments which 
showed that KCN in 10-* m concentrations had no effect on the ammonia 
yield of the digests. The cyanide ion is known to inhibit urea formation 
from arginine (11). 

Reproducibility of Measurement—A homogenate of rat liver containing 
100 mg. of wet tissue per ml. of buffer was made in sufficient quantity to 
allow twenty-two samples to be taken. These samples from the same 
homogenate were dialyzed, further diluted 1:3, digested for 1 hour, and 
measured separately. The mean value (with standard deviation) of the 
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ammonia produced was 0.781 + 0.007 um per sample. The activity of 
this dilute homogenate was thus measured with a coefficient of variation 
less than 1 per cent. 


DISCUSSION 


The need for special care in regulation of the temperature during the 
period of enzymatic reaction and for adequate preliminary equilibration 
of the temperature of solutions and units should be emphasized. Since 
the temperature coefficient of the reaction velocity is about 9 per cent per 
degree (activation energy, 14,200 calories per degree, per mole), it is evi- 
dent that for the enzymatic assay to attain the precision allowed by the 
other factors the temperature of the system must be regulated to within 
0.1°. 

In order to obtain conditions under which the rate of deamination was 
independent of the substrate concentration, it was found necessary to re- 
duce the temperature of digestion to 20°; this is a lower temperature than 
any that have been reported in the available literature. Some reduction 
in sensitivity results from the choice of the lower temperature, since the 
reaction velocity is about half that which would be obtained at 37°, but 
this may be compensated for, if necessary, by an extension in the time of 
digestion. A further increase in the absolute sensitivity (reduction in 
minimal measurable quantity, as distinguished from minimal concentra- 
tion) by a factor of at least 10-!, could be expected from reduction in size 
of the Conway units (2). 


SUMMARY 


A method is described for the determination of the monoamine oxidase 
activity of tissue fractions, based upon measurement of the rate of ammo- 
nia production from the deamination of tyramine. This procedure, as 
compared to oxygen uptake methods, has the advantage of allowing accu- 
rate determinations to be made with dilute suspensions which are encoun- 
tered in tissue fractionations. 

It was found that the “physiological” temperatures of about 37°, which 
usually have been employed in the determination of this enzymatic activ- 
ity, lead to deterioration of the activity during the 1st hour of digestion 
under the conditions of the present method. Reductions of the tempera- 
ture to 20° or lower, and selection of the proper substrate concentration, 
eliminate this complication. The reaction then proceeds at a constant 
rate for at least 2 hours. 

The coefficient of variation which was calculated from the analyses of 
twenty-two separate aliquots was less than 1 per cent; the average rate of 
ammonia production per sample in this series was 0.78 um per hour. 
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ENZYMATIC SYNTHESIS OF AMYLOPECTIN* 


By S. NUSSENBAUM anp W. Z. HASSID 
(From the Division of Plant Biochemistry, College of Agriculture, University 
of California, Berkeley, California) 


Wirn A Nore sy Gerry T. Cort AND BarsBara ILLINGWORTH 


(Received for publication, January 29, 1951) 


The problem of branching in glycogen and starch has been the subject 
of interest ever since Cori and Cori (1, 2) isolated the phosphorolytic 
enzyme from animal tissues and Hanes (3) found a similar enzyme in 
plants. Examination of polysaccharides produced by these enzymes when 
glucose-l1-phosphate was used as a substrate showed that, similar to amyl- 
ose, they had a linear configuration in which the glucose units are com- 
bined through 1,4-glucosidic linkages only (4, 5). However, naturally 
occurring glycogen and most starches also contain 1,6 linkages. It was 
therefore assumed that synthesis zn vivo of glycogen and of the amylopectin 
starch component requires two enzymes and that in the process of prepa- 
ration of the muscle or potato phosphorylase the enzyme producing the 
1,6 linkages is eliminated. Proceeding on this assumption, Cori and Cori 
(6) produced evidence for the existence of a branching factor in liver and 
heart, capable of synthesizing 1,6 linkages. The combined action of the 
branching enzyme and crystalline muscle phosphorylase resulted in the 
formation of a polysaccharide which closely resembled glycogen. Later, 
Haworth, Peat, and Bourne (7) reported the isolation from potatoes of an 
enzyme, the so called Q enzyme, which, in association with potato phos- 
phorylase, catalyzed the synthesis of amylopectin from glucose-1-phos- 
phate. 

In a series of papers, Peat and his collaborators (8-14) presented evi- 
dence that the Q enzyme converts linear amylose into branched amyl- 
opectin. Since this reaction proceeds without the presence of inorganic 
phosphate, they hold the view that Q enzyme functions as a non-phospho- 
rolytic enzyme. ‘Their evidence is based chiefly on the following experi- 
mental facts. When Q enzyme is allowed to act upon amylose, a product 
is produced that gives a purple-red color with iodine; the synthetic material 
is soluble in water, and does not retrograde from solution; it is attacked by 
8-amylase with the liberation of maltose, but hydrolysis is arrested before 
conversion is completed; end-group analysis by the methylation method 


indicates the existence of chains of about 20 glucose units in average 
length (8). 


“Supported in part by a grant from the Corn Industries Research Foundation. 
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However, Beckmann and Roger (15) were not able to duplicate these 
results. They claim that the material obtained by the English investi- 
gators is not amylopectin, but is an artifact. According to their findings, 
potato preparations contain fatty acids which form a complex with amyl- 
ose, possessing many of the properties of amylopectin. They therefore 
concluded that these properties have been erroneously used by Haworth, 


Peat, and their associates as evidence to prove that their product is amylo- | 


pectin. 

Recently Bernfeld and Meutémédian (16-19) reported the isolation from 
potatoes of an enzyme “isophosphorylase,” which appeared to resemble 
the Q enzyme, inasmuch as it presumably played a part in the formation 
of amylopectin from both amylose and glucose-l-phosphate. There is, 
however, a difference between the action of the two enzymes. Whereas 
inorganic phosphate is not involved in the formation of branched poly- 


saccharide by the Q enzyme, the Swiss investigators claim that phosphate | 
constitutes an integral part of the branching mechanism. They believe | 


that isophosphorylase catalyzes reversibly the formation of 1,6 bonds in a 
reaction analogous to that of the formation of 1,4 bonds by phosphorylase. 

The evidence offered by Bernfeld and Meutémédian for the synthesis 
of amylopectin is as follows: When a mixture of isophosphorylase and 
phosphorylase acts on amylose in the presence of inorganic phosphate, a 
product is formed which gives a purple color with iodine and is degraded 


by 6-amylase to the extent of 65 per cent, while amylose is degraded by | 


this enzyme to the extent of 100 per cent. A similar product is obtained 
when a mixture of these enzymes acts on glucose-l-phosphate. Isolation 
and further characterization of the synthetic product were not undertaken. 

In view of these conflicting results, it was of interest to reinvestigate the 
problem of enzymatic synthesis of amylopectin. The conversion of amyl- 
ose to amylopectin with Q enzyme, reported by Peat and his associates 
(8-14), was successfully repeated, and further chemical and biochemical 
evidence was obtained showing that the synthetic product is branched. 
Like amylopectin, the synthetic material is precipitated with dilute alco- 
hol, produces a purple color with iodine, and gives a very small reducing 
value. On treatment with B-amylase a hydrolysis limit of 51 per cent is 
obtained. End-group determination by periodate oxidation shows an 
average of 21 glucose residues per end-group, while with an enzymatic 
method a value of 20 is obtained. Estimation of the molecular weight by 
osmotic pressure measurements of the acetylated product indicates a value 
of 54,000, calculated as the deacetylated product. In contrast to amylose, 
the synthetic material is as effective a “primer” of muscle phosphorylase 
as corn amylopectin. 
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The synthesis of amylopectin with Bernfeld and Meutémédian’s (16-19) 
“igophosphorylase” could not be repeated. Treatment of amylose with a 
potato preparation made according to these authors resulted in a degra- 
dation product which gave a purple color with iodine, but which on further 
analysis proved to be a mixture of short chain linear dextrins. 

Of the two mechanisms proposed for amylopectin synthesis, that based 
on the work of Peat and his collaborators appears to be well substantiated. 
The Q enzyme is apparently capable of splitting 1 ,4-glucosidic linkages in 
the amylose chain and exchanging them for 1 ,6 linkages without the medi- 
ation of phosphate, thus forming branches. Like the enzymes present in 
Pseudomonas saccharophila (20), Leuconostoc mesenteroides (21), and Neis- 
seria perflava (22), the Q enzyme can thus be regarded as belonging to the 
class of trans-glycosidases. 


EXPERIMENTAL 


Preparation of Q Enzyme—The enzyme preparations were made accord- 
ing to the procedure described by Barker, Bourne, and Peat (11). Batches 
of approximately 5 kilos of potatoes yielded 2 liters of crude juice. The 
method involves precipitation from potato juice of Q enzyme and other 
proteins by the addition of lead acetate at pH 7.25, elution of the lead- 
protein complex with sodium hydrogen carbonate solution, through which 
a stream of carbon dioxide is passed, and precipitation of the enzyme from 
the supernatant liquid with neutral ammonium sulfate. The final solution 
was diluted to 400 ml. and kept in the refrigerator at 2°. The preparation 
was analyzed for inorganic phosphate (23) and was found to contain 0.0035 
mg. per ml. of solution. 

Conversion of Amylose to Amylopectin—A 3 gm. sample of corn amylose 
was dissolved in 0.5 N sodium hydroxide, diluted to 1300 ml., and neutral- 
ized with 0.5 N sulfuric acid. Then 500 ml. of Q enzyme and 500 ml. of 
| Mm acetate buffer, pH 7.0, were added, and the mixture was diluted to 
3000 ml. The digest was allowed to remain at room temperature for 24 
hours, and during the incubation period aliquot portions were analyzed 
for reducing sugars by the method of Hassid et al. (24, 25). The reducing 
values of a control experiment in which amylose was omitted were simul- 
taneously determined. The difference between the reducing values of the 
two digests was considered a measure of the reducing groups liberated by 
the action of the enzyme preparation on amylose. Different preparations 
differed in the amount of reducing substances formed, but none showed 
an increase in 24 hours greater than 1.5 per cent (calculated as maltose) 
of the amylose added. 


The digest was heated, the coagulated proteins removed by filtration, 
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and the solution dialyzed for several days until the dialysate was practi- 
cally free of iodine-staining material! and inorganic impurities. The solu- 
tion was then concentrated in vacuo at 60° and the material precipitated 
with ethanol. It was dried in a vacuum oven at 50° and extracted with 
methanol in a Soxhlet extractor for 12 hours to eliminate fatty acid im- 
purities and dried again. A yield of 55 per cent of synthetic amylopectin 
was obtained, based on the original amylose. The product produced a 
purple-red color when treated with iodine and was soluble in water. 

Hydrolysis with B-Amylase—The method used for hydrolysis of the syn- 
thetic polysaccharide with B-amylase was essentially that of Bernfeld and 
Giirtler (26), except that the maltose produced was estimated by oxidation 
with ferricyanide (24, 25). The crystalline B-amylase (27) was obtained 
from Dr. A. K. Balls of Western Regional Research Laboratory. 

A 25 mg. sample of the polysaccharide was dissolved in 20 ml. of water. 


A solution containing an excess of B-amylase, approximately 500 units | 


(28), and 6 ml. of acetic acid-sodium acetate buffer, pH 4.8, was added. 
The mixture was diluted to 50 ml. and 5 ml. aliquots were periodically 
drawn during 24 hours for determination of reducing values. It was 
found that the synthetic amylopectin was hydrolyzed to the extent of 51 
per cent. 

A 20 mg. sample of amylose originally used for the amylopectin synthesis 
was dissolved in 2 ml. of 2 N sodium hydroxide, neutralized with hydro- 


chloric acid, diluted to 20 ml., and similarly treated with B-amylase. The | 


hydrolysis limit of the amylose with this enzyme was 90 per cent. Further | 


addition of B-amylase did not increase the extent of hydrolysis of either 
the synthetic amylopectin or the amylose. 

Fatty Acid Content of Synthetic Polysaccharide—A 0.2 gm. sample of the 
material was hydrolyzed completely by boiling under a reflux condenser 
with 15 ml. of 3 N sulfuric acid for 1 hour. The solution was extracted for 
24 hours with ether in a Soxhlet extractor and the ether extract was shaken 
twice with 5 ml. portions of water to extract traces of sulfuric acid. The 
ether solution was then evaporated, and the residue taken up in ethy] alco- 
hol and titrated with 0.01 nN sodium hydroxide. No acid could be de- 
tected. In a control experiment, in which 10 mg. of sodium oleate were 
added to 0.2 gm. of amylose and hydrolyzed with sulfuric acid as described, 
the oleic acid could be recovered quantitatively. 

End-Group Determination—A 0.2 gm. sample of the material was oxi- 
dized with 0.37 m sodium periodate at 2° according to the method of Potter 
and Hassid (29). After 25 hours, the excess periodate was removed by 
the addition of ethylene glycol and the formic acid formed was estimated 
by titrating with 0.01 N barium hydroxide. For the blank titration, 0. 


1 The nature of this material is now being investigated. 
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cti- gm. of synthetic amylopectin was added to the periodate, which had been 
jlu- previously reduced with ethylene glycol. Because of the slight alkalinity 
ted of the blank, 10 ml. of 0.01 N hydrochloric acid were added to both the 
vith blank and the sample, and a correction was made when the sample was 
im- | titrated with the barium hydroxide. The average number of glucose resi- 
ctin dues per end-group for the synthetic amylopectin, calculated on the basis 
da of 1 mole of formic acid produced per chain, was found to be 21. The 


chain length of the parent amylose (corn) determined by this method was 




















syn- 490 glucose residues per end-group. 
and Determination of Molecular Weight—A 1 gm. sample of the product was 
tion dispersed in formamide and acetylated at room temperature with acetic 
ined anhydride in the presence of pyridine (80). The molecular weight was 

determined on the acetylated product from osmotic pressure measure- 
ater. | ments, with chloroform as a solvent. The method employed was the same 
"6 TABLE [ 
a Osmotic Pressure Data for Acetylated Synthetic Amylopectin 
Was Concentration, C Rise in osmometer Osmotic pressure, x a 
of 51 

gm. per —_ i x cm - gm. per sq. cm. 
thesis 19.63 4.49 6.60 0.336 
ydro- 11.78 2.47 3.63 0.308 
"The 7.07 1.42 2.12 0.296 
4,24 0.80 1.18 0.278 

irther | i ale 
either 


as that previously used for the determination of a variety of starch frac- 
of the tions (30). The osmotic pressure was measured at several different con- 
Jenser | centrations (Table I). 
odtin The intercept of the coordinate was determined by plotting 7/C against 
haken | ©» and the molecular weight was calculated by the van’t Hoff equation. 
The | [rom the intercept of the ordinate a value of /C was obtained equal to 
Laleo- | 0-262 for the acetylated product. This value corresponds to a number 
be de | average molecular weight of 97,000 for the acetylated product. On this 
e were | asis, the molecular weight of the deacetylated synthetic polysaccharide 
oiled is 54,000, as compared to an average molecular weight of the parent amyl- 
ose of about 100,000. This molecular weight is smaller than those obtained 
~~ for amylopectins of natural starches (30), but its magnitude is nevertheless 
Potter large enough to eliminate the possibility that the synthetic product con- 
ved by sists of unbranched fragments of amylose, such as would be produced by 
«mate | the action of a-amylase. 
on, 02 Reducing Value of Synthetic Amylopectin—The reducing value of a 30 
mg. sample of synthetic amylopectin was determined (24) and compared 
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with the reducing values of the parent amylose and of a few natural starch 
fractions of known molecular weight. The soluble amylopectin samples 
(30 mg.) were dissolved in 5 ml. of water. The insoluble amylose was 
brought into solution with 2 N sodium hydroxide and neutralized with acid. 
The results are given in Table II. 

The reducing value of the synthetic amylopectin appears to be of the 
same order or magnitude as that of the parent amylose or of an amylopec- 


tin subfraction of low molecular weight. The comparatively low reducing 


value of the synthetic product indicates that the synthetic polysaccharide 
cannot be degraded amylose. 
Action of “‘Isophosphorylase” on Amylose—The experiments of Bernfeld 








TaBLe II 
Reducing Values and Molecular Weights of Synthetic Amylopectin and Related 
Polysaccharides 
0.01 N ceric sulfate® 
Substance Mol. wt. T 1 mg. 
polysaccharide 
ml. 

SYNtHOLICOMYIOPSCUIN 5.05 315..06. se oe ee cee es 54,000 0.023 
CREEL TY yc) 5 Fs A 3,000,000 0.003 
“ 4 BUICACWOD i0...c6ascniceooc vanes 290 ,000 0.026 
SA MBRREA ATION 3005s caps Sica ois ibs: ss nsw lol ew sicrevat 128,000 0.037 
BE WNIT G MA CAM EAN 55 sro 5 des ascaai craves b wvareresereieteiare wrcvers 6,700 0.190 











*2.4 ml. of 0.01 N ceric sulfate solution are equivalent to 1 mg. of maltose. 


and Meutémédian (16-19) were repeated with an enzyme preparation from 
potatoes, made according to their directions, with the following results. 

A mixture consisting of amylose + phosphorylase + isophosphorylase 
+ inorganic phosphate (phosphate buffer), originally giving a blue color 
with iodine, produced a purple color after 24 hours of incubation. When 
the inorganic phosphate was eliminated from the reaction by substituting 
veronal for phosphate buffer of the same pH, the reaction mixture stained 
blue with iodine after incubation. However, it was observed that, when 
the quantity of isophosphorylase was doubled or tripled, the presence of 
either phosphate or phosphorylase was not necessary to convert amylose 
into a purple-staining polysaccharide. 

One possible interpretation of these results is that the supposed “iso- 
phosphorylase” preparation contains a-amylase and that the combined 
action of this enzyme with phosphorylase in the presence of inorganic phos- 
phate is responsible for the conversion of the amylose into fragments that 
stain purple with iodine. The phosphorylase also contributes to the degra- 
dation of the molecule, owing to the small amount of a-amylase impurity. 
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However, phosphorylase alone at this phosphate concentration will not 
cause a change in iodine color when acting upon amylose. When the 
amount of the isophosphorylase preparation is increased, the concentra- 
tion of a-amylase probably becomes sufficiently large to accomplish the 
degradation of amylose alone without the aid of phosphorylase. 

Reducing Value of Product of ‘Isophosphorylase’”’ Action—Samples con- 
taining 10 mg. of amylose, phosphorylase, phosphate buffer, and “‘iso- 
phosphorylase” were mixed and allowed to digest for 24 hours. After 
deproteinization by heating, filtering, and washing, it was found that the 
sample possessed a reducing value which was considerably greater than 
that of the samples in which the “isophosphorylase” or amylose was left 
out. The increase amounted to 1.2 ml. of 0.01 N ceric sulfate titration 
(equivalent to 0.5 mg. of maltose) per 10 mg. of amylose. This value is 
of the order of magnitude that would be expected if the amylose were 
degraded to chains of approximately 40 glucose units in average length by 
an a-amylase. 

Identification of Breakdown Products of Starch with ‘‘Isophosphorylase”— 
A 0.5 gm. sample of amylose was converted with “‘isophosphorylase”’ prepa- 
ration and the resulting material precipitated and dried. The material 
possessed the following properties. (1) It was soluble in water, but retro- 
graded after remaining at room temperature for 3 or 4 days. (2) When 
dissolved in hot water and cooled, it did not precipitate when methyl or 
ethyl alcohol was added in 50 per cent concentration. Amounts of this 
material formed from 50 mg. of amylose did not produce any cloudiness in 
50 per cent alcohol. Less than 1 mg. of amylopectin or the synthetic 
branched polysaccharide in the same volume will produce a definite tur- 
bidity. (3) Acetone was found to precipitate the polysaccharide. (4) 
When the material was dialyzed against distilled water, most of the 
purple-staining material was lost, indicating that the molecules are small. 

The properties of this product are associated with those of amylose 
degradation products, rather than with properties of branched polysac- 
charide. On the basis of these experiments, the mechanism of Bernfeld 
and Meutémédian for amylopectin formation involving ‘‘isophosphorylase”’ 
cannot be accepted. 


Note on the Properties of Synthetic Amylopectin 


By Gerry T. Cort anp BarBARA ILLINGWORTH 
(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missourz) 


Enzymatic End-Group Determination—The method (31) is based on the 
degradation of the polysaccharide by phosphorylase plus amylo-1 ,6-glu- 
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cosidase (debrancher). The latter enzyme is specific for hydrolytic scission 
of the 1,6 linkages. The ratio of phosphorylated plus free glucose to free 
glucose is determined. Control experiments were run simultaneously with 
a sample of the amylose from which the amylopectin had been synthesized 
and with three branched polysaccharides (corn amylopectin, rabbit liver 
glycogen, and dog liver glycogen), the end-groups of which had also been 
determined by the periodate oxidation method (31). End-group values 
pertaining to the dog liver glycogen were also available from methylation 
experiments (32). The results are summarized in Table III. 

Three separate experiments carried out with the synthetic amylopectin 


Tas_e III 
Enzymatic End-Group Analysis of Synthetic Amylopectin and Related Polysaccharides 


The digestion mixture contained 12 mg. of polysaccharide in 15 ml., 0.004 
M MgSO,, 0.001 m cysteine, 0.014 m KH2PO,, crystalline muscle phosphorylase, and 
glucosidase as stated. Incubation was at pH 6.8 at 30°. 



































Experi- ; | Time of | ’ | Nosccf | Gluco- 
ment No. Polysaccharide haateiies| Digested End-group| recidues per wna ed 
= - | | i pennies - 
| | hrs. | percent | percent 
1 | Corn amylose | 1 | + SF. 2250 
2 | Qenzyme synthesized | 1 | 61 5.3 | 19 2250 
3 eP = Pe 2 66 5.0 20 1900 
4 | “ “cc “ce | 1 | 67 3850 
Lio sg | 2 | @ 5.1 20 3850 
5 | Corn amylopectin as lle 3850 
| «“ «“ =. | 100 | 4.4 | 23 3850 
6 | Rabbit liver glycogen | 1 | 108 On 15 2250 
7 | Dog liver glycogen | 1 | 100 | 8.3 | 12 3850 





showed good agreement. An end-group of 5.1 per cent was obtained, cor- 
responding to an average chain length of approximately 20 glucose units. 
This value closely agrees with that of 21 units obtained by the periodate 
oxidation method. The 1.7 per cent end-group found for amylose is prob- 
ably due to amylopectin impurity. Amylopectin is rapidly attacked by 
muscle phosphorylase, while the action of this enzyme on amylose is very 
slow. This is shown by the fact that only 13 per cent of the polysaccharide 
was digested. If this assumption is correct, the amylose would contain 
approximately 5 per cent amylopectin. 

Phosphorolysis of Synthetic Amylopectin—The synthetic material was 
subjected to the action of muscle phosphorylase (ninth crystallization) in 
the presence of an excess of inorganic phosphate, and the limit of phos- 
phorolysis was compared with that of rabbit liver glycogen and of natural 
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amylopectins. The per cent degradation was as follows: glycogen 37, corn 
amylopectin 53, wheat amylopectin 44, synthetic amylopectin 34. The 
outer branches of the synthetic polysaccharide are relatively short and are 
comparable to those of glycogen. 

Separate and Consecutive Degradation of Synthetic Polysaccharide with 
Phosphorylase and Glucosidase—A sample weighing 37 mg. was submitted 
to exhaustive phosphorylase action, as described in the preceding para- 
graph. When the reaction had come to an end-point, 32 per cent of the 
polysaccharide had been converted to glucose-l-phosphate. The remain- 
ing polysaccharide (first limit dextrin) was isolated by several precipita- 
tions with alcohol and submitted to glucosidase action in the absence of 
phosphate. Glucose liberated was determined by a specific enzymatic 
method (31). It was found that 3.7 per cent of the limit dextrin had 
been converted to glucose, which indicates that one-half of the branch glu- 
cose residues present in the original material has been split off. The glu- 
cosidase was destroyed by heating and phosphorylase was again permitted 
to act on the remaining polysaccharide, with the result that 36 per cent 
of it was converted to glucose-l-phosphate. At this point, 58 per cent of 
the original material had been degraded. In addition, an aliquot of the 
first limit dextrin was submitted to an end-group determination; 7.7 per 
cent end-groups were found. From the end-group concentration of the 
original material (5.1 per cent) and the loss of 32 per cent by phosphorylase 
action, the calculated value is 7.5 per cent. These results, which are very 
similar to those recently obtained on glycogen and amylopectins (Larner 
et al. (33)), are compatible only with a tree-like structure of the synthetic 
polysaccharide, which therefore does not differ in this respect from natu- 
rally occurring polysaccharides. 

Activation of Crystalline Muscle Phosphorylase—The ‘‘primer” action 
(34) of synthetic amylopectin was compared with that of glycogen, natural 
amylopectin, and amylose in reaction mixtures constituted as follows: 12 
mM initial concentration of glucose-1-phosphate, 40 mg. per cent of polysac- 
charide and muscle phosphorylase. The following ratios of activities were 
found: when no polysaccharide was added, 0; with glycogen, 100; with corn 
amylopectin, 63; with synthetic amylopectin, 60; and with amylose, 7. 
These figures vary somewhat with different polysaccharide-glucose-1-phos- 
phate ratios. The conclusion can be drawn that the synthetic amylopectin 
possesses almost the same activating power as natural amylopectin. 

Molecular Size of Synthetic Polysaccharide—A 1 per cent solution of the 
sample in water was examined in the Spinco analytical ultracentrifuge by 
Dr. John F. Taylor. At 59,700 r.p.m., a single boundary was observed, 
moving with a sedimentation constant (20°) of 3.1 S at the start and falling 
to 2.8 S at the end. The spreading of the boundary indicates that the 
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material is polydisperse, as has been observed from other polysaccharides, 
The diffusion constant of this material has not been measured. If the 
frictional ratio, f/fo, were assumed to be similar to that reported for glyco- 


gen (1.6 to 1.9), the “mean” molecular weight would be from 31,000 to 


41,000. 


SUMMARY 


Linear amylose can be transformed with Q enzyme from potatoes to a 


branched polysaccharide possessing the chemical and biochemical proper- 
ties of amylopectin. Its molecular weight, estimated from osmotic 
pressure measurements, is 54,000, which is less than that of naturally 
occurring amylopectins. 


The synthetic product is soluble in water, does not retrograde from solu- | 
tion, and stains purple-red with iodine. Chain length determination by | 


periodate oxidation shows an average of 21 glucose residues per end-group, | 


while with an enzymatic method a value of 20 was obtained. 

The synthetic polysaccharide is degraded by 6-amylase to the extent of 
51 per cent and by crystalline muscle phosphorylase to the extent of 33 
per cent. An analysis of structure by means of enzymatic degradation 


shows close resemblance to the structure of natural amylopectins. As a | 
“primer” substance for muscle phosphorylase, it is about as effective as 


naturally occurring corn amylopectin. 


The claim that the synthetic amylopectin is in reality a combination of | 


amylose with fatty acids, simulating the properties of an amylopectin, 
could not be confirmed. Neither could evidence be obtained for the 
existence of ‘“‘isophosphorylase” in potatoes, capable of synthesizing amy- 
lopectin. 


The authors express their thanks to Professor C. F. Cori for his reading 
of the manuscript and for his many helpful suggestions. 
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THE MECHANISM OF ACTION OF GLYOXALASE* 
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The conversion of methylglyoxal to lactic acid in animal tissues was dis- 
covered by Neuberg (1) and Dakin and Dudley (2). The enzyme respon- 
sible for the reaction was named glyoxalase (3). Subsequently the enzyme 
was found to be widely distributed in animal tissues, plants, and micro- 
organisms. Lohmann (4) demonstrated that reduced glutathione was re- 
quired for the action of glyoxalase. Jowett and Quastel (5) proposed the 
formation of an addition complex between methylglyoxal and glutathione 
as an intermediate to lactic acid formation. Yamazoye (6) was first to 
show the formation of an intermediate in crude liver extracts which was 
distinct from the chemical addition complex between methylglyoxal and 
glutathione. 

Hopkins and Morgan (7) demonstrated the existence of a protein factor 
which accelerated lactic acid formation from methylglyoxal in the presence 
of partially purified glyoxalase. The factor itself had no apparent effect 
on the reaction when tested in the absence of glyoxalase. Preliminary re- 
ports on the existence of two separable enzymatic steps in the conversion 
of methylglyoxal to lactic acid have been published recently (8, 9). The 
first step consists in a condensation reaction between methylglyoxal and 
glutathione catalyzed by an enzyme referred to in this paper as glyoxalase 
I. This condensation product, in a second step which is catalyzed by gly- 
oxalase II, is then broken down into glutathione and lactic acid. 

It is the purpose of this paper to describe these two reactions and the 
enzymes which catalyze them. 


Results 


When a preparation of glyoxalase I from bakers’ yeast is added to a so- 
lution containing reduced glutathione and methylglyoxal, a condensation 
product is formed which gives rise to marked light absorption in the ultra- 
violet at 240 mp. The rate of the increment in absorption is proportional 
to the amount of enzyme added and can therefore be used as an accurate 
assay method for the activity of glyoxalase I (Fig. 1). When limiting con- 
centrations of methylglyoxal are added, the reaction comes to a standstill 
when the substrate is used up, and the spectroscopically measured absorp- 
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tion remains constant. If, at this point, a preparation of glyoxalase II 








from beef liver is added, the absorption disappears, as shown in Fig. 2, ae 
The rate of disappearance is proportional to the glyoxalase II concentra- ine 
tion and is used for assay (Fig. 1). follo 
A mixture of glyoxalase I and glyoxalase II catalyzes the formation of | oq 
lactic acid from methylglyoxal in the presence of a catalytic amount of re- ial 
duced glutathione. The reaction rate is proportional to the amount of of 
glutathione, as shown in Fig. 3, and this test is suitable for the quantita. | 4, 
tive determination of small amounts of glutathione as described in the pe 
experimental section of this paper. Lactic acid production does not occur wnbi 
' of gl 
I 
= ) 
% 0.02 0.04 05 20 40 60 

ML MINUTES 

Fia. 1 Fia. 2 

Fig. 1. Quantitative determination of glyoxalase I and glyoxalase II. Curve 1, 
glyoxalase I solution containing 10 y of protein per ml.; Curve 2, glyoxalase II solu- 
tion containing 450 y of protein per ml. 

Fig. 2. Formation and disappearance of the intermediate catalyzed by glyoxalase Fr 
Iand II. At zero time glyoxalase I, 0.05 ml. of 2 per cent glutathione and 1.25 um | _ oxal. 
of methylglyoxal were present. After 40 minutes glyoxalase II was added. 

cent 


to any appreciable extent under these experimental conditions if either | proc 
glyoxalase I or glyoxalase II is absent from the system. In the experi- show 
ments illustrated in Fig. 3, the controls containing only one of the enzymes | and { 
and 10 y of glutathione showed little or no acid production, while, in the | egg - 


corresponding vessel containing both enzymes, 4 um of acid were produced : dowr 
in 15 minutes. Although the enzymes used in these experiments were not | sider, 
pure (Step 8 of glyoxalase I and Step 4 of glyoxalase II), a successful sepa- | “fact 
ration of the two enzymes is demonstrated. It should be pointed out that Pr 
the relatively large blank value in Fig. 3 in the absence of added gluta- activ 
thione can be completely eliminated by further purification of the enzymes. ae is 

Factor of Hopkins and Morgan—In view of the above observations and | year 


the availability of spectrophotometric tests for the measurement of the the e 
two enzymatic steps, it appeared desirable to determine the réle of the |  prote 
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enzyme and of the factor described by Hopkins and Morgan (7) in the 
glyoxalase system. Acetone-dried powder of ox heart was used as start- 
ing material and the purification procedure described by the authors was 
followed closely. The fractions obtained during the purification were meas- 
ured for glyoxalase I and glyoxalase II activity. As was found with 
most of the other tissues studied, the activity of glyoxalase I exceeded that 
of glyoxalase II. In the crude extract from the dried heart preparation 
the ratio of glyoxalase I to glyoxalase II was 8. After ammonium sulfate 
fractionation the ratio was 8.5, but it dropped sharply to 0.47 in the super- 
natant after treatment with calcium phosphate gel. Less than 3 per cent 
of glyoxalase I remained in the supernatant, which still contained 50 per 
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Fic. 3. Effect of glutathione concentration on acid production from methylgly- 
oxal. 


cent of glyoxalase II. Glyoxalase I was readily eluted from the gel by the 
procedure described by Hopkins and Morgan. These experiments clearly 
show the identity of the enzyme of Hopkins and Morgan with glyoxalase I 
and the identity of the accelerating “factor” with glyoxalase IJ. Although 
less readily adsorbed, considerable amounts of glyoxalase II are carried 
down and eluted from the gel. This fully explains the presence of con- 
siderable “glyoxalase” activity in the eluate, even in the absence of added 
“factor.” 

Properties of Enzymes—Glyoxalase I shows a fairly broad optimum of 
activity between pH 6 and 8. The enzyme is quite stable if kept frozen 
at —20°. Such preparations have been kept frozen over a period of 1 
year without appreciable loss in activity. However, dilute solutions of 
the enzyme are quite unstable and must be protected by the addition of a 
protein such as bovine serum albumin. For example, a dilute enzyme so- 
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lution containing 920 units per ml. dropped to 420 units per ml. in the 
course of 3 hours, although kept in an ice bath during this period. The 
same enzyme preparation showed no loss of activity in a solution contain- 
ing 100 y of serum albumin per ml. Temperatures above 65° lead to rapid 
inactivation of the enzyme, which is, however, quite stable below 60°. 

There is no evidence that a coenzyme is involved in glyoxalase I actiy- 
ity. The enzyme withstands extensive dialysis without loss of activity, 
Partially purified preparations of glyoxalase I frequently show activity in 
the absence of added glutathione (Fig. 3), indicating the possibility that 
glutathione is associated with the enzyme. However, on further purifica- 
tion, these blank values disappear. 

Glyoxalase I is a rapidly acting enzyme. The turnover number of the 
purest fractions obtained is 35,000 (assuming a molecular weight of 
100,000). 

Glyoxalase II prepared from beef liver appears to be less stable than 
glyoxalase I. Some preparations lose activity quite rapidly, even when 
kept frozen. However, several highly purified preparations have been 
kept for more than 3 months at —20° with little loss in activity. The 
stability is not entirely predictable, since some preparations of apparently 
equal purity lost 40 to 50 per cent of their activity during an equal period 
of storage. Glyoxalase II is also less stable to dialysis than is glyoxalase 
I and considerable loss in activity results from this procedure. No evi- 
dence, however, could be obtained for the participation of a coenzyme in 
the reaction. Preparations of glyoxalase II can be heated for 3 minutes 
at 56° without loss of activity, but at higher temperatures the enzyme is 
rapidly inactivated. 


Properties of Condensation Product—Glyoxalase I catalyzes the conden- | 


sation between methylglyoxal and reduced glutathione. An intermediate 
accumulates in the absence of glyoxalase II under appropriate conditions, 
as described in the section on methods. The properties of this enzyma- 
tically formed intermediate were first described by Yamazoye (6) who 
clearly differentiated it from the chemical condensation product. The lat- 


ter was considerably less stable toward acids and alkali and spontaneously | 


decomposed to methylglyoxal and reduced glutathione, while the biologi- 
cally formed compound was quite stable on the acid side of neutrality and 
on the alkaline side decomposed into lactic acid and reduced glutathione. 
These findings have been confirmed and extended. The lability of the 
intermediate at an alkaline pH can be followed by the disappearance of 
the absorption in the Beckman spectrophotometer. At acid pH the com- 
pound is stable even in the presence of added glyoxalase I, indicating that 
the reaction is not readily reversible. This is in contrast to the spontane- 
ous decomposition of the chemical addition compound between methyl- 
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glyoxal and glutathione. The enzymatically formed intermediate shows 
a high absorption of ultraviolet light in the lower region of the spectrum 
(Fig. 4). In contrast, neither glutathione nor methylglyoxal shows appre- 
ciable absorption. At 240 my the molecular absorption coefficient ¢ for 
the intermediate at pH 6.8 is 3370, while that of glutathione is 72, and 
that of methylglyoxal is approximately 5. The absorption coefficient of 
the intermediate does not vary appreciably with small changes in pH but 
falls off gradually with time on the alkaline side of neutrality. 


DISCUSSION 


The data presented in this paper demonstrate that, in the transformation 
of methylglyoxal to lactic acid, two enzymes carry out a stepwise trans- 
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Fig. 4. Ultraviolet absorption spectrum of the intermediate 





























formation of methylglyoxal and glutathione which finally results in an in- 
ternal oxidation-reduction. The reaction can be visualized to proceed as 
follows: 


Methylglyoxal + reduced glutathione (GSH) — intermediate > 
lactic acid + GSH 


From the properties of the intermediate described above and from the 
course of the transformation, the accompanying reactions can be proposed. 


ig ré CH; CH; T 
| | 

CO ‘es C—OH HCOH HCOH 
0 | | 
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In this scheme glyoxalase I catalyzes the condensation of the enol form of | It 
methylglyoxal (I) with GSH to form the intermediate (II). Another al- 
ternative for the formation of the intermediate could be postulated by 
assuming a reaction of glutathione with the hydrated form of methyl- 
glyoxal and secondary removal of a water molecule. This mechanism is 


other 
purif 
nucle 


reps 
analogous to the action of fumarase, aconitase, or enolase and would be it 
expected to be readily reversible. In the case of the intermediate ob- 
tained, however, this does not occur. The direct, enzymatically catalyzed | 
condensation with the enol form of methylglyoxal is therefore considered Te 
to be the more likely reaction. used 
The enol form of the intermediate (II) which is thus formed then re- | jnto 


arranges (probably non-enzymatically) into the keto form, which is then phos| 
hydrolyzed to lactic acid and reduced glutathione by the action of glyoxa- gluta 


lase IT. tion 
Although direct evidence is not available for the series of steps proposed, thorc 
the concept outlined above appears to be the most likely one, considering suita 
the properties of the intermediate, of the substrate, and of the end-product inter 
of the reaction. It also offers a mechanism for the internal oxidation- a dil 
reduction. 0.01. 
There are frequent statements in the literature referring to the reversi- Pr 
bility of the glyoxalase reaction. In this study several attempts were in 1 
made to demonstrate under various conditions the reversibility of the oxi- thin | 
dation-reduction process. All such attempts were completely negative, in th 
even when only partially purified enzyme preparations were used. This Ste 





is not surprising, since the reversion would require the reduction of a car- | with 
boxyl to an aldehyde group. Such a reduction cannot be expected to |  siona 
occur readily without expenditure of energy, supplied for instance by ade- | tiona 
nosinetriphosphate. Attempts to reverse the glyoxalase II reaction by | rpm 
using lactate, adenosinetriphosphate, and glutathione, to date, however, | resid 
have not been successful. phos; 

It may be pointed out that the pathway which has been proposed for Ste 
glyoxalase action might be operative in a number of other aldehyde-acid | extra 
transformations and may provide a mechanism for obtaining an energy- | was | 
rich phosphate bond by a reaction involving phosphorolysis rather than | _ preci 
hydrolysis of the intermediate. Thus, a carboxyl phosphate capable of | super 
yielding energy-rich phosphate might be formed. It is well known that | the y 
the enzyme which oxidizes 3-phosphoglyceraldehyde to 1,3-diphosphogly- | centr 
ceric acid requires SH groups for its action. There is, however, a striking | tate 
difference between the two systems. While glyoxalase action proceeds tA 
readily in the absence of added phosphate, the above reaction of triose Fleise 
phosphate oxidation proceeds only slowly without the addition of phos | prepa 
phate. sults, 
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. of It may be of interest to mention that the intermediate can undergo 
al- other metabolic transformation. In the presence of a crude or a partially 
by purified yeast extract the intermediate can reduce diphosphopyridine 
ryl- nucleotide and subsequently be split to yield pyruvic acid. Since the same 
1 is | preparation will not oxidize lactate to pyruvic acid, the formation of pyru- 
be vate from the intermediate via lactate is ruled out. 

Me | Methods 

red Test System for Glyoxalase I—A Beckman quartz spectrophotometer was 


used for activity measurements. The following solutions were pipetted 
-Te- into quartz cells. 2.7 ml. of distilled water; 0.1 ml. of 1.0 m potassium 
hen phosphate buffer of pH 6.6; 0.05 ml. of a 2 per cent solution of reduced 
OXa- glutathione (neutralized to about pH 6.6); 0.05 ml. of a 2.5 per cent solu- 

tion of methylglyoxal (redistilled commercial preparation); finally, after 
sed, thorough mixing and stabilization of the density readings, 0.1 ml. of a 
ring suitable enzyme dilution was added and readings were taken at 30 second 
duct intervals at 240 mp. The enzyme dilutions were routinely carried out in 


tion- a diluent containing 100 y of bovine serum albumin (Armour) per ml. in 
0.01 m potassium phosphate buffer at pH 7.4. 
ersi- Preparation of Glyoxalase I—Fleischmann’s bakers’ yeast! was obtained 


were in | pound cakes, crumbled, and dried between two sheets of paper in a 
:oxi- | thin layer for 4 to 5 days at room temperature. The dry yeast was stored 
tive, in the cold room in well stoppered containers. 

This Step 1. Initial Yeast Extracts—300 gm. of the dry yeast were extracted 
,car- | with 900 ml. of 0.066 m disodium phosphate for 2 hours at 37° with occa- 
xd to | sional stirring, followed by extraction at room temperature for an addi- 
-ade- | tional 3 hours. The mixture was centrifuged for 80 minutes at 3000 





n by r.p.m. and the supernatant decanted and stored in the deep freeze. The 

yever, | residue was reextracted the next day with 300 ml. of 0.066 m disodium 
| phosphate for 2 hours at 37° and then centrifuged. 

d for Step 2. Acetone Fractionation—To each 100 ml. of the combined yeast 

s-acid | extracts, 50 ml. of ice-cold acetone were slowly added while the mixture 


lergy- | was maintained at about —2° in a dry ice-alcohol bath. The resulting 
than | precipitate was separated by centrifugation at 0° and discarded. To the 
ble of | supernatant solution 50 ml. of cold acetone were added for each 100 ml. of 
1 that | the yeast extract, the temperature being kept at —2°. The mixture was 
hogly- | centrifuged at 0° and the supernatant solution discarded. The precipi- 


riking | tate was suspended in about 150 ml. of cold water and dialyzed overnight 
oceeds 


triose 
phos- 


1A strain labeled CB;GM-2-2-56-GM was kindly supplied by Mr. Light of The 
Fleischmann Laboratories of Standard Brands Incorporated, New York. Several 
preparations were made from commercially available yeast with equally good re- 
sults, although initial extracts contained less of the enzyme. 
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against running tap water. The precipitate was removed by centrifuga- 
tion and the clear supernatant solution was stored in the deep freeze at 
—20° overnight. 

Step 3. Alcohol Fractionation—After thawing, the enzyme was precipi- 
tated by the slow addition of an equal volume of 95 per cent ethyl alcohol 
at —6° and centrifuged at 3000 r.p.m. for 45 minutes. The precipitate 
was taken up in about 60 ml. of cold water and extracted for 15 minutes 
at room temperature. After centrifugation the precipitate was reextrac- 
ted with about 20 ml. of water. 

Step 4. Heating—The combined extracts were brought rapidly to 45° 
in a water bath and maintained at this temperature for 5 minutes. The 
mixture was cooled and centrifuged. The bulky precipitate was washed 
once with 20 ml. of water and the supernatants were combined. 

Steps § and 6 were repetitions of Steps 3 and 4, except that 80 ml. of 
alcohol were used for each 100 ml. of solution, the precipitate was taken 
up in 30 ml. of water, and the heating step was carried out at 50°. 

Steps 7 and 8 were repetitions of Steps 3 and 4, except that 50 ml. of 
alcohol were used for each 100 ml. of solution, the precipitate was taken up 
with 15 ml. of water and washed with 5 ml. of water, and the extracts were 
heated at 54° for 8 minutes. 

At this stage the enzyme has been kept for several months in the deep 
freeze at —20° with little loss of activity. 

Step 9. Adsorption and Elution with Alumina Cy—The enzyme solu- 
tion was diluted to contain 15 mg. of protein per ml., and 35 ml. of alu- 
mina C vy (20 mg. of dry weight per ml.) were added for each 100 ml. of 
solution. After 5 minutes the mixture was centrifuged in the cold room 
and the precipitate washed once with 60 ml. (per 100 ml. of solution) of 
0.01 m potassium phosphate buffer, pH 7.4. This washing was discarded. 
The enzyme was then eluted by the addition of 0.1 m potassium phosphate, 
pH 7.4, at 37° for 5 minutes. Two elutions with 30 ml. of this buffer and 
three elutions with 20 ml. of buffer resulted in nearly quantitative recovery 
of the adsorbed enzyme. 

Step 10. Ammonium Sulfate Fractionation—To each 100 ml. of the com- 
bined eluates 40 gm. of solid ammonium sulfate were added and, after 15 
minutes standing, the mixture was centrifuged at 12,000 r.p.m. The pre- 
cipitate (which contains crystalline aleohol dehydrogenase of about 95 per 
cent purity) was discarded. To the supernatant 30 gm. of ammonium 
sulfate were added to bring the solution to saturation. The mixture was 
kept at —20° overnight and was centrifuged for 25 minutes the next day 
at 15,000 r.p.m. in the refrigerated centrifuge. The precipitate was taken 
up in a small volume of water and ammoniacal ammonium sulfate (pH 8.0) 
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was added until a fairly heavy precipitate appeared. This was left in the 
ice box overnight, and crystals usually appeared on the next day. 

A typical protocol, showing data on the specific activity of the various 
fractions and the yield obtained, is given in Table I. 

Preparation of Intermediate—To 9 ml. of a neutralized 2 per-cent solu- 
tion of glutathione were added 2 mg. of a highly purified preparation of 
glyoxalase I (Step 9), 1.5 ml. of a 5 per cent methylglyoxal solution, and 
0.5 ml. of M sodium acetate. After 20 minutes at room temperature the 
reaction, which was followed by measuring the increase in absorption at 
240 mu, was completed. 0.6 ml. of a 50 per cent solution of trichloroace- 
tic acid was added and the mixture chilled and centrifuged. The superna- 


TaBLeE I 
Purification of Glyoxalase I 




















Step No. Fraction | Total units* Specific, Yield 
| per cent 

1 Combined crude extracts 65,000 ,000 1,500 100 

2 2nd acetone ppt. | 48,000,000 4,000 74 

{ Ist alcohol ‘ 35,000,000 8,000 54 

6 dna °° “ , 26,000,000 27 ,000 40 

8 8rd ‘* after heating | 21,000,000 43 ,000 32 

9 Combined eluates | 15,000,000 85,000 23 

10 2nd ammonium sulfate ppt. | 11,000,000 250,000 17 
Crystalline ppt. 6,500,000 350,000 10 





* 1 unit is defined as a change in log I/I of 0.001 per minute. 
t Specific activity is defined as the units of enzyme activity per mg. of protein. 


tant was neutralized to pH 5.0 with N NaOH. 2 ml. of m barium acetate 
were added and the mixture was again centrifuged. To the clear superna- 
tant 5 volumes of absolute alcohol were added and, after standing in the 
ice box for 1 hour, the precipitate was centrifuged, washed with alcohol and 
ether, and dried in a vacuum desiccator. For further purification the 
dried material was redissolved in 15 ml. of water. To this solution 2 
volumes of ethyl alcohol were added. ‘This precipitate contains some of 
the intermediate and most of the glutathione still present in the crude 
barium salt. On adding another volume of alcohol to the supernatant, 
another precipitate is formed, which is washed and dried as above. This 
fraction contains only small amounts of free glutathione and has been 
used for the majority of the experiments reported in this study. The 
water-soluble barium salt before use was converted into the sodium salt 
with sodium sulfate. The solutions were adjusted to pH 6.0 and were 
kept frozen when not in use. 
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Test System for Glyoxalase II—The following solutions were pipetted 
into quartz cells: 2.7 ml. of distilled water; 0.1 ml. of a M potassium phos- 
phate buffer, pH 6.6; 0.1 ml. of a 0.012 m solution of intermediate prepared 
as described above and freed of barium with an equivalent amount of 
sodium sulfate. To the mixture, which should give a density reading of 
about 1.30 at 240 my, 0.1 ml. of the enzyme is added, and density readings 
are carried out in the same manner as described for glyoxalase I. The 
rate of the decrease in density is proportional to the enzyme concentration. 

Preparation of Glyoxalase II—Frozen beef liver, stored in a deep freeze, 
was used as starting material. An acetone-dried powder was prepared 
as follows: The thawed liver was mixed with 2 to 3 volumes of ice-cold 
acetone in a Waring blendor, and the mixture poured into 8 volumes of 
acetone and rapidly centrifuged in the cold room. The precipitate was 
washed once with 8 volumes of acetone, then pressed out between paper 
towels, and crumbled into a fine powder which dried rapidly while dis- 
tributed on large filter papers. 

Step 1. Initial Liver Extract—40 gm. of this powder were extracted 
with 8 volumes of 0.02 m phosphate buffer, pH 7.4, at room temperature 
for 45 minutes with intermittent shaking. 

Step 2. Ammonium Sulfate Fractionation—After centrifugation 40 gm. 
of ammonium sulfate were added to each 100 ml. of the supernatant solu- 
tion and, after 15 minutes at room temperature, the mixture was centri- 
fuged 30 minutes at 13,000 r.p.m. and the supernatant discarded. The 
precipitate was extracted with 100 ml. of 30 per cent saturated ammonium 
sulfate of pH 8.0. After centrifugation at 13,000 r.p.m. for 25 minutes, 
the clear supernatant was brought to a specific gravity of 1.150 by the 


addition of saturated ammonium sulfate. The precipitate was collected | 


with 50 ml. of water and dialyzed 3 hours against running tap water. 

Step 8. Heating—The dialyzed solution was heated for 5 minutes at 
54°, the mixture rapidly cooled, and the precipitate removed by centrifu- 
gation. 

Step 4. Alcohol Fractionation—To the supernatant of Step 3, 0.5 vol- 
ume of ethyl alcohol was slowly added; the mixture was kept cold in a dry 
ice-alcohol bath and then centrifuged in a refrigerated centrifuge at — 10°. 
The precipitate is taken up in 0.01 m phosphate buffer, pH 7.2, and diluted 
with buffer to contain 6 mg. of protein per ml. 

Step 5a—The diluted enzyme was then adsorbed by the addition of 0.3 
volume of alumina C y (20 mg. of dry weight per ml.) and eluted three 
times with 0.5 volume of 0.1 m phosphate buffer, pH 7.4. This prepara- 
tion was dialyzed for 3 hours with stirring against distilled water and then 
stored in the deep freeze. 

Step 5b—As an alternative method to the use of alumina Cy, which 
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does not give very reproducible results at this step, calcium phosphate gel 
adsorption has been utilized. Calcium phosphate gel (19 mg. of dry 
weight per ml.) was added to the dilute enzyme solution (15 mg. of pro- 
tein per ml.) to give a gel-protein ratio of 0.5. With this excess of gel 
most of the enzyme is adsorbed and is readily eluted with 0.1 m potassium 
phosphate buffer at pH 6.7. 

A typical protocol, showing data on the specific activity of the various 
fractions and the yield obtained, is given in Table II. 

Test for Glutathione—By using a large excess of glyoxalase I and II the 
acid production in bicarbonate buffer can be measured by the CO: pro- 
duction manometrically in a Warburg apparatus. When about 0.5 mg. of 
purified glyoxalase I and 2 mg. of glyoxalase II and 10 y of glutathione 
were used, 104 c.mm. of CO2 were produced in 10 minutes. Good pro- 


Tas_eE II 
Purification of Glyoxalase IT 




















Step No. | Fraction Total units Specific activity Yield 
per cent 

1 | Crude extract 9,000 ,000 540 100 

2 After ammonium sulfate 5,000 ,000 1,200 55 

3 | ‘heating 3,000,000 2,100 33 

4 ‘« alcohol precipitation 1,400,000 4,000 15 

5 Cy eluates 800 ,000 11,000 9 





portionality can be obtained in the range of 3 to 15 y of glutathione. By 
using less enzyme the range can be adjusted to higher levels of glutathione. 

Test System for Glutathione—The side arm of the Warburg vessel con- 
tained 0.2 ml. of neutralized 0.5 per cent methylglyoxal and 0.1 ml. of 0.4 
aw KHCO;. The main compartment contained glyoxalase I and II, glu- 
tathione, 0.1 ml. of KHCOs:, and water to make the final volume (after 
tipping) 2 ml. The 0.4 m KHCO; solution was gassed before use with 
nitrogen containing 5 per cent CO2. The mixture was again gassed while 
on the manometer for about 7 minutes with N2 + COs. The reaction 
was carried out at 26°. Readings are made every 5 minutes for 25 min- 
utes. The reading after the first 5 minutes is always too high and should 
not be included in the calculation of the rates. For this assay it is not 
essential to have highly purified enzyme preparations. Dialyzed prepara- 
tions of glyoxalase I after Step 8 and of glyoxalase II after Step 4 have been 
used and corrections were made for the somewhat higher enzyme blanks. 
For the measurement of oxidized glutathione 0.1 ml. of a neutralized 1 per 
cent solution of cysteine hydrochloride is added to the main compartment 
of the Warburg vessel in the above system. 
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Protein Determination—Protein concentrations were measured spectro- 
photometrically at 280 mu. Correction for nucleic acid was made accord. 
ing to Warburg and Christian (10). With the cruder preparations the « 
quantitative biuret test was used (11). 


SUMMARY 


1. Two enzymes are shown to participate in the glyoxalase reaction. 

2. Glyoxalase I catalyzes the condensation of methylglyoxal and glu. 
tathione to an intermediate. 

3. This intermediate is split by glyoxalase II to lactic acid and gluta. | 
thione. 

4. A scheme for the stepwise process, resulting in an internal oxidation. | 
reduction, is proposed. 

5. Use of the purified enzymes provides a sensitive assay method for 
reduced and oxidized glutathione. } 
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In a previous paper (1) data were presented on the leucine, valine, iso- 
leucine, phenylalanine, threonine, histidine, arginine, lysine, methionine, 
and tryptophan content of fresh and cooked pork and lamb cuts. With 
further development of microbiological methods of analysis, this study has 
been extended to include data on glutamic acid, aspartic acid, tyrosine, 
proline, glycine, serine, and cystine. In most cases, these methods have 
been evaluated by the use of more than one test organism, and, in the case 
of cystine, the microbiological data were compared with results obtained 
by chemical methods. Semiquantitative data on alanine have also been 
obtained and the amount of the total nitrogen accounted for by these 
amino acids has been calculated. The results are reported in this paper. 


EXPERIMENTAL 


The microbiological procedures used, detailed description of the samples 
for analysis, and sample preparation were described previously (1). All 
microbiological tests were conducted with a total volume of 2 ml. per tube. 
Glutamic acid was determined with Lactobacillus arabinosus 17-5 and Leu- 
conostoc mesenteroides P-60 as test organisms, aspartic acid with L. mesen- 
teroides, tyrosine with L. arabinosus, L. mesenteroides, and Leuconostoc 
citrovorum 8081, proline with L. mesenteroides and Lactobacillus brevis 8257, 
(2), glycine with L. mesenteroides and L. citrovorum, serine with L. mesen- 
leroides, cystine with L. mesenteroides, and alanine with L. citrovorum (3) 
and Lactobacillus leichmannii 327 (4). 50 y of glutamine were added per 
tube for the glutamic acid assays (5). Serine was determined in the pres- 
ence and absence of vitamin Be-active compounds in the medium. In 
agreement with others (6), we found that the blank titrations were higher 
in the presence of vitamin Bg; however, the assay values were comparable 
when vitamin Bg was either present or absent from the medium. 

* Journal Paper No. 30, American Meat Institute Foundation. We are indebted 
yar S. Dunn for providing the stock cultures of Lactobacillus brevis used in 

1s Study. 
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Cystine (plus cysteine) was also determined by two chemical methods, with 
the modified Sullivan method (7) and by the phosphotungstic acid method teroi 
(8). In addition, values were obtained for total sulfur (9) minus methio- ia T 
nine sulfur, which was calculated from previous values (1), and these in tl 
values were compared with the sulfur accounted for by the cystine esti- lamt 
mations. Si 

All analyses were conducted on the partially dried and defatted samples 
and from analyses for crude protein (N X 6.25) in these samples and for | 
the same samples before drying and defatting; the percentage of each ' 
amino acid in the fresh meat and in the protein was calculated. i 

TaBLeE I . = 
L-Aspartic Acid Activity of t-Asparagine and pu- Aspartic Acid for | 
L. mesenteroides P-60 
pt-Aspartic acid Activity of p isomer* t-Asparagine Activity* sai 
vy per tube per cent y per tube per cent Casei 
10 60 10 5 Bovir 
20 65 20 6 mir 
30 66 30 ? y Lami 
40 62 40 12 
50 66 60 14 Fork 
60 62 80 16 
100 16 = 
* These calculations are based on 100 per cent activity for L-aspartic acid. | 
RESULTS AND DISCUSSION Case 
The 1 isomer was used as the standard for glutamic acid, aspartic acid, | Bovin 
tyrosine, proline, cystine, and alanine assays. p-Alanine possessed ala- mie 


nine activity approximately equal to that of the L isomer for L. citrovorum z_ 
(3) and similar results were obtained for L. leichmannii. While p-aspartic | Pork | 
acid (tested as pL-aspartic acid) was approximately 60 per cent as active ‘ 
as L-aspartic acid for L. mesenteroides, L-asparagine was relatively inactive 
over a 10-fold range in concentration (Table I). A recent paper by 
Camien and Dunn (10) indicated similar findings for the aspartic acid | alanir 
activity of these compounds for L. mesenteroides, and the low activity of | meth: 
L-asparagine was also observed by Hac and Snell (11). A reliable t-serine | spons 
standard was not available, and the results have been calculated on the | proce: 
basis of 50 per cent activity of the pt mixture (6). obtair 

The assay results for glutamic acid, aspartic acid, tyrosine, proline, and | bility, 
glycine were in good agreement as obtained in repeated assays and with | etc.) s 
the use of more than one test organism. Representative data for glutamic | The a 
acid assays obtained with L. arabinosus and L. mesenteroides, for tyrosilé | min ( 
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with L. mesenteroides and L. citrovorum, for proline (L. brevis and L. mesen- 
teroides), and for glycine (L. citrovorum and L. mesenteroides) are presented 
in Table Il. As can be seen from Table II, good agreement was observed 
in the assay values for purified protein samples as well as for pork and 
lamb cuts. 

Since the reports that L. citrovorum (3) and L. leichmannii (4) require 


TaBLeE II 
Comparison of Values for Amino Acids Obtained with Use of Different Test 
Organisms 


All values are expressed as the percentage of the partially dried and defatted 
samples. 






































Glutamic acid Tyrosine _ 
—— L. arabi- | L. mesen- a L. citro- | L. een 
nosus teroides vorum teroides 
Casein* 20.0 19.3 | Casein 5.22 5.30 
Bovine plasma albu-| 14.9 14.0 | Bovine plasma albu- | 4.85 5.02 
min* min 
Lamb rib chop 11.6 11.5 | Lamb breast 2.46 2.40 
“ breast 13.2 12.4 ? loin 3.08 3.14 
Pork spareribs 11.2 11.9 “chop 2.71 2.54 
“ loin 13.5 13.2 | Pork spareribs 2.87 3.16 
: Proline Glycine 
L. brevis | Gmazen sse> | yale 
Casein* 10.66 | 10.31 | Casein 1.76 1.67 
Bovine plasma albu- 4.80 5.02 | Bovine plasma albu- | 1.98 2.14 
min* min 
Lamb loin 3.95 4.08 | Lamb breast 6.01 5.96 
a “ chop 3.95 4.11 “shoulder 5.16 4.96 
Pork loin 4.38 4.50 | Pork loin 5.67 5.64 
“ steak 4.00 | 3.77.| “ spareribs 5.14 | 5.64 

















* Casein 15.1 per cent N; bovine plasma albumin, 15.7 per cent N. 


alanine, extensive studies have been conducted to develop reliable assay 
methods for alanine. Considerable variation in the sensitivity of the re- 
sponse to graded levels of alanine has been encountered. Thus far no 
procedure has been completely satisfactory. The data which have been 
obtained and considered reasonably reliable (on the basis of reproduci- 
bility, agreement in values at different test levels of the sample, recoveries, 
ete.) show that comparable values were obtained with both test organisms. 
The alanine content of casein (15.1 per cent N) and of bovine plasma albu- 
min (15.7 per cent N) was found to be 3.6 and 6.0 per cent, respectively, 
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while the alanine content of the crude protein of pork and lamb cuts was 
found to be 6.3 per cent. 

Although cystine determinations were quite satisfactory on the basis of 
the usual criteria of evaluating microbiological amino acid assays (12-14), 
the known and variable inactivation of cystine and cysteine during heat 
sterilization of the medium (4, 15, 16) indicated that additional tests with 















































TasBce III 
Amino Acid Content of Fresh and Cooked Pork* \ 
| | a aon 
Gl 
rs Protein tamic tras — | Proline — Serine | > | 
| | j 
Fresh samples | 
CULO. 0000) eae aA ae Cae eee 16.31 | 13.3 | 8.84 | 3.29 | 4.43 | 5.68 | 3.68 | 19 | 
BR te alka SG wea vicerraws 16.53 | 14.5 | 8.92 | 3.49 | 4.21 | 6.15 | 4.09 se 
C0 aie a ee ae 12.62 | 13.7 | 8.70 | 3.61 | 4.37 | 6.46 | 3.94 )12 
MISTER rated gis casa d stace «pe canes 16.36 | 14.8 | 8.50 | 3.42 | 5.04 | 6.51 | 4.03 | 1.3 
BNAMEMIDS iii. Reeme ns ane 14.20 | 14.5 | 9.26 | 3.47.) 5.05 | 6.27 | 4.09 | 1.3 
CL ELULG (Cn URES ER eS Pree 14.84 | 14.7 | 8.34 | 3.53 | 4.25 | 5.97 | 3.73 | 1.3 
| | eae 
ee ee | 14.3 | 8.76 | 3.47 | 4.56 | 6.17 | 3.98 | 
Cooked samples 
| 
| 
MSN Dot occa serena 21.00 | 15.2 | 8.77 | 3.61 | 4.75 | 5.85 | 4.07 F i 
MORAN 07a) hho sorcery gra ad alin bdo p rover 23.19 | 14.4 | 9.04 | 3.32 | 4.65 | 6.25 | 4.28 
ROR Sensis Tihs cisiasu oes sora tates aes 17.98 | 15.4 | 9.05 | 3.55 | 4.63 | 6.06 | 4.44 | ‘a 
CCT VCO a 19.68 | 15.5 | 9.05 | 3.62 | 4.60 | 5.57 | 3.52 | 1.3 
TSIM TMAN ES oc 51.6.0 sees a-siy ica re See 23.22 | 13.7 | 9.45 | 3.52 | 4.85 | 6.35 | 3.76 | 1.0 
DE 5 tiie e sons into 22.96 | 14.4 | 9.11 | 3.55 | 4.33 | 6.08 | 1.4 
I a fc wk dw aks 14.8 | 9.08 | 3.54 | 4.64 | 6.89 | 4.00 | 1.3 











* The values for the protein content are expressed as the percentage in the moist 
meat’ and those for the amino acids as the percentage in the crude protein (N 
X 6.25). 


chemical methods would be of value. Extensive tests with the phospho- 
tungstic acid method were conducted. The blank corrections were quite 
high and the recoveries of added cystine were somewhat low when this 
method was used for the meat samples. The method appeared to be more 
satisfactory for purified proteins (egg, albumin, fibrin, and lactalbumin). 
The Sullivan method (7) was then investigated. The values with this 
method were more consistent, blank corrections were lower, and recoveries 
of added cystine and cysteine ranged from 79 to 113 per cent. The values 
obtained were somewhat higher than those obtained microbiologically. 
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The percentage of cystine in the protein of the meat samples determined 
by the Sullivan method ranged from 1.0 to 1.6 per cent, by the microbio- 
logical method 0.7 to 1.1 per cent, and by the phosphotungstic acid method 
0.6 to 1.1 per cent. 

Evaluation of these results on the basis of the total sulfur minus methio- 
nine sulfur indicated for individual samples that the maximum values for 


TaBLe IV 
Amino Acid Content of Fresh and Cooked Lamb 
Values expressed as in Table III. 


















































Glu- 
Sample Protein tamic ia, _ Proline |Glycine | Serine oe 
Fresh samples 

RibsGhop: viens 14.45 | 13.5 | 7.41 | 2.86 | 5.25 | 6.98 | 3.66 | 1.2 
ben © 2. o.c wonese eee 14.47 | 15.3 | 8.32 | 3.03 | 4.82 | 6.99 | 3.71 | 1.6 
BR OUIAOR «6.55.05 anctecace: Peete 18.33 | 15.1 | 8.73 | 3.29 | 4.55 | 6.59 | 3.89 | 1.3 
TR is caas ct eee 15.23 | 13.5 | 7.78 | 3.23 | 4.33 | 7.12 | 3.67 | 1.2 
Binet 3. ccccs oreo 12.83 | 14.0 | 8.14 | 3.19 | 5.12 | 7.15 | 3.68 | 1.5 
WOU: so + is corde aa 18.58 | 18.3 | 8.45 | 3.35 | 4.64 | 6.47 | 3.90 | 1.2 
AVOQARO: 5.5. wees 14.1 | 8.14 | 3.16 | 4.79 | 7.05 | 3.75 | 1.3 

Cooked samples 
RipiGhops.; .2crerd eee 17.20 | 14.6 | 8.52 | 3.28 | 4.78 | 6.50 | 4.32 | 1.3 
BOWE os.cusw cre eee 19.06 | 14.2 | 8.64 | 3.44 | 4.92 | 6.10 | 3.84 | 1.6 
SHOUIUIOE «6:2 keane eee 22.54 | 15.2 | 8.95 | 3.36 | 4.76 | 5.98 | 3.98 | 1.3 
OB ics anita oars Sean eee 19.84 | 14.6 | 9.06 | 3.42 | 4.83 | 5.80 | 4.09 | 1.2 
PONB Ui 3s. are Moe Oeecoe ee 20.22 | 15.7 | 9.03 | 2.90 | 4.94 | 6.57 | 4.06 | 1.5 
LOmrOaets a caeeehieecaee 23.85 | 15.9 | 8.41 | 3.24 | 4.63 | 7.62 | 4.34 | 1.3 
AVOIEWO=...ak ees 15.0 | 8.77 | 3.27 | 4.81 | 6.43 | 4.10 | 1.4 



































cystine in the protein could range from 1.5 to 2.5 per cent cystine, assum- 
ing that all of the sulfur was present as cystine plus methionine. These 
data, therefore, did not provide additional information to evaluate the 
validity of any of the three methods used. The values presented for cys- 
tine, therefore, are regarded as tentative. 

The percentage of crude protein in the undried meat and the percentage 
of each amino acid in the crude protein of fresh and cooked pork are pre- 
sented in Table III and of fresh and cooked lamb in Table IV. As was 
observed for the amino acids studied previously, the amino acid composi- 
tion of the proteins of different cuts of pork or of lamb are similar, and the 
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amino acids are not destroyed during cooking. The data for cystine (Sul- 
livan method) presented and those obtained by the phosphotungstie acid, 
microbiological method, or by the total sulfur minus methionine sulfur 
calculations indicate that no appreciable losses of cystine occurred dur- 
ing cooking. 

The percentage of the total nitrogen accounted for by the nitrogen con- 
tributed by the quantities of the eighteen amino acids determined in the 
pork and lamb samples has been calculated. The composite data for the 
twelve pork samples averaged 84.9 per cent and for the twelve lamb sam- 
ples 85.1 per cent of the total nitrogen accounted for by the eighteen amino 


a 


acids determined. Other nitrogen-containing compounds (creatine, cre- | 


atinine, purines, amide N, hydroxyproline, etc.) were not determined, 
These figures approximate those obtained for the amount of total nitrogen 


in rat liver contributed by eighteen amino acids (86 and 91 per cent) deter- | 


mined by similar methods (17). 


SUMMARY 


The amounts of glutamic acid, aspartic acid, tyrosine, proline, serine, 
glycine, and cystine in fresh and cooked pork and lamb cuts were deter- 
mined. Semiquantitative data for alanine are presented. All amino acids 


were determined by microbiological methods. In addition, cystine was 


determined chemically. 

The L-aspartic acid activity of D-aspartic acid (added as DL-aspartic 
acid) averaged 60 per cent, while the activity of L-asparagine was less than 
20 per cent for L. mesenteroides P-60. 

Good agreement in the assay values was obtained by the use of more 
than one test organism. 

The amounts of glutamic acid, aspartic acid, tyrosine, proline, glycine, 
serine, cystine, and alanine in the crude protein of different pork and lamb 
cuts were similar. These amino acids were also found to be stable to 
cooking. 

Approximately 85 per cent of the total nitrogen was accounted for by 
the nitrogen from the eighteen amino acids determined in these samples. 
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OCCURRENCE OF p-AMINO ACIDS IN SOME NATURAL 
MATERIALS* 


By CARL M. STEVENS, PHILIP E. HALPERN,t anp RICHARD P. GIGGER 


(From the Fulmer Chemical Laboratory, State College of Washington, 
Pullman, Washington) 


(Received for publication, February 12, 1951) 


Although the naturally occurring a-amino acids are usually of the L con- 
figuration, examples continue to accumulate of the occurrence in natural 
products of D-amino acids (1). Certainly the most surprising reports of 
this type have been those of Kégl and coworkers on the isolation of p-glu- 
tamie acid from cancerous tissue. Since his original publication in 1939 
(2), and despite the fact that his findings have not been confirmed in other 
laboratories (3), K6égl has repeatedly reaffirmed his original contention and 
reinforced it with additional experimental data (4). 

The recent studies of antibiotics have provided notable and indisputable 
instances of the occurrence of D-amino acids in natural products. Even 
the penicillins yield on acid hydrolysis an amino acid (penicillamine) of 
p configuration. 

In the course of a study of the amino acid metabolism of penicillin- 
producing molds, it seemed of interest to examine the mold materials for 
the presence of D-amino acids and to compare the results with those from 
some other antibiotic-producing organisms. Since this study was begun, 
Konikova and Dobbert (5) have reported the presence of large quantities 
of D-amino acids in hydrolysates of Bacillus brevis, Dunn et al. (6) have 
found evidence for p-glutamic acid in hydrolysates of Lactobacillus arabi- 
nosus, and Holden and Snell (7) have clearly demonstrated the presence of 
p-alanine in the latter organism and in some other lactobacilli. 


EXPERIMENTAL 


The analytical procedure applied to all of the natural substances was as 
follows: The finely ground, dried material was hydrolyzed by being heated 
under a reflux for 24 hours with 12 volumes of 6 N hydrochloric acid. The 
excess acid was removed by repeated evaporation in vacuo, and the residue 
was redissolved in water. ‘Total N was determined by the Kjeldahl meth- 


*This project was supported in part from funds provided for medical and bio- 
logical research, State of Washington Initiative Measure No. 171, and in part by a 
grant from the Cyrus M. Warren Fund of the American Academy of Arts and Sciences. 


{ Present address, The Institute for Cancer Research, Fox Chase, Philadelphia, 
Pennsylvania. 
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od before hydrolysis of the materials. Total a-amino N was determined 
after hydrolysis by the method of Pope and Stevens (8). The content of 
D-amino acids was estimated by incubation of the hydrolysate with 
p-amino acid oxidase and colorimetric determination of the keto acids pro- 
duced (9, 10). In all cases, oxygen consumption was measured and, in 
general, showed a close correlation to keto acid production, although it was 
invariably somewhat higher. 

The enzyme preparation was essentially that of Behrens (11), an ex- 
tract in pyrophosphate buffer being used (12). Incubations were carried 
out by the usual Warburg technique for a period of 5 hours at 38°, a small 
crystal of thymol being added to suppress microbial growth. The longer 
period of incubation was employed to insure more nearly complete oxida- 
tion of the amino acids. In all cases, control samples were run in which 


a known quantity of p-valine was added to the hydrolysate of the natural | 


material. The added amino acid was shown to be 97 to 100 per cent oxi- 
dized. Under the conditions of these experiments, p-glutamic acid reacted 
only to the extent of about 30 per cent, p-threonine of about 20 per cent, 
and p-lysine of about 5 per cent. p-Alanine, p-valine, p-leucine, and p- 
aspartic acid were completely oxidized. These results correspond reason- 
ably well with other published data (13, 14). 

Dried cells of B. brevis, L. arabinosus, Torulopsis utilis, and Bacillus 
subtilis were obtained through the kindness of Dr. J. C. Lewis, Albany, 
California. B. brevis (ATCC 10,068) was grown in shallow layer culture 


on a tryptone-glucose-salts medium (15), L. arabinosus (ATCC 8014) in | 


stagnant culture in 5 gallon jars on trypsin-digested casein (2 per cent), 
yeast extract (0.25 per cent), glucose (2 per cent), and salts, B. subtilis 
(ATCC 6633) (butanol-extracted cells obtained from the isolation of sub- 
tilin as described by Fevold et al. (16) from aerated vat-grown cells) on 


a sucrose-yeast extract-citrate-salts medium (17), and TJ. utilis (ATCC | 


9950) was grown in aerated vat culture on pear juice-ammonia-salts (18). 
Samples of Penicillium chrysogenum mycelia, collected at 20, 40, and 60 
hours after the start of the fermentation in the commercial production of 
penicillin, were obtained through the kindness of Dr. K. S. Pilcher, Berke- 
ley, California. 

In Table I are summarized the results of the determinations. For com- 
parison, a hydrolysate of casein similarly analyzed is included. It will be 
noted that the hydrolysates of P. chrysogenum mycelia contained insignif- 
cant amounts of D-amino acids as estimated by this technique. On the 
other hand, hydrolysates of L. arabinosus and B. brevis contain relatively 
large amounts, in the latter case over 10 per cent of the total amino acids. 
Hydrolysates of B. subtilis and T. utilis appear to contain small but still 
significant amounts of D-amino acids. 
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Because of the possibility that any D-amino acids occurring in acid hy- 
drolysates of natural materials might be artifacts resulting from racemi- 
zation during hydrolysis, another technique was sought which would avoid 
this possibility. There is considerable evidence in the literature (19, 20) 
that a number of p-amino acids are largely excreted in the urine when fed 
to experimental animals. This fact has indeed been utilized by Kégl (4) 
in attempting to establish the occurrence of p-glutamic acid in malignant 
tissue. 

In preliminary experiments of this type, adult male rats weighing 300 
to 400 gm. were fed ad libitum a diet consisting of vitamin-test casein 20, 
dextrin 44, Crisco 25, salt mixture (21) 4, Alphacel 2, and cod liver oil 5 








TaBLe I 
Analyses for p-Amino Acids in Acid Hydrolysates 

Substance Total N Total amino N p-Amino N 

per cent per cent per cent 
fT) | rr ER oo a eae eT 12.4 9.90 0.02 
P. chrysogenum (20 hra.).............. 4.1 2.20 0.01 
ae S COED) | NER rte 3.1 2.20 0.01 
2 ih GE) SR PRE. oe he he 3.4 2.20 0.01 
PEaUONNG 6 ota eRe 9.1 5.10 0.10 
9.1 5.96 0.11 
T. ulilis..... 7.3 4.63 0.08 
7.3 4.78 0.08 
BSORODUROPUG: aie se Bs Bs la C2 4.92 0.33 
PAD QUIS 65a. eo. he Re, ee 10.9 7.04 0.81 
10.9 6.97 0.84 














parts, respectively. Water-soluble vitamins were supplied in the form of 
a daily supplement of 5 ml. of a solution containing 10 mg. of thiamine, 
10 mg. of riboflavin, 10 mg. of niacin, 12 mg. of pyridoxine, 100 mg. of cal- 
cium pantothenate, 5 gm. of choline, and 5 gm. of Wilson’s liver extract 
(1:20) dissolved in 500 ml. To 100 gm. of this basal diet was added 0.027 
mole of a pt-amino acid. The rats were kept in metabolism cages so 
arranged that the urine dropped into collecting tubes kept at dry ice tem- 
perature. Analyses of the urines by the previous technique indicated a 
very small apparent content of p-amino acids from the control diet, but 
distinct amounts from the feeding of pi-amino acids. The amounts of 
different pb-amino acids excreted under the conditions of the experiments 
varied widely, aspartic acid being excreted to the extent of 17 per cent, 
and alanine 1 per cent. 

Despite the apparent variability in recovery to be expected from differ- 
ent D-amino acids, it seemed worth while to carry out feeding experiments 
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of a similar sort with the natural materials. In Table II are given the | 
results obtained in experiments with diets containing L. arabinosus and 
B. brevis. When these products were included in the rat diets, half an equal 
































weight of casein and half of dextrin were removed. Animals were first | fine 
placed on the control diet for 3 days, then fasted for 12 hours and fed the | 
experimental diet for 3 days, during which time urine was collected. At — 
the end of another 12 hour fast, urine collection was stopped. The ani- pg 
mals did not eat the diets containing B. brevis well, but appreciable a 
amounts were consumed. I 
The results are expressed in terms of mg. of amino acid N per gm. of | hyd 
food consumed, and are given for the untreated urines and for the same 7 
) 
TaBLeE II | pro 
Analyses for p-Amino Acids in Urine Samples met 
The results are given in mg. per gm. of food consumed. will 
3: ' ods 
rs ali Total pm Nin | p-Amino N in urine brep 
consumed The 
Before After | Before After | 
hydrolysis} hydrolysis} hydrolysis} hydrolysis hyd 
gn. feed 
MSO ctcdess cau bistes no se CesT e le MO 0.28 0.45 0.004 0.009 app: 
Me aclu nase Re eos eee OO 0.28 0.42 0.004 0.008 gani 
“+ 30% L. arabinosus.....| 52.5 | 0.15 0.007 | 0.04 F 
«+ 30% * 4 sakes? 0.15 0.37 0.007 0.03 tive 
“6 30% B. brevis..........| 83:0 2.42 5.95 0.24 0.37 | 
«© £90" “ ..........) 14.0 | 2.86 | 5.81 | 0.16 | 0.8 mat 
“+ 15% “ Oe shan ant ataetl RAPARO 2.93 4.53 0.11 0.16 
urines subjected to a mild acid hydrolysis (1 Nn sulfuric acid for 3 hours at | A 
90°) designed to convert pyrrolidone-2-carboxylic acid, if present, to glu- drol 
tamic acid. It will be seen that there was a very significant excretion of |” lis, 
p-amino acids after the feeding of B. brevis, though less certain results from — 
the feeding of L. arabinosus. — 
In preliminary experiments to determine the nature of the p-amino acids A 
excreted after the feeding of B. brevis cells to rats, the urines have been mate 
examined for amino acids by two-dimensional paper chromatography.) PU" 
Also, aliquots of the urine samples have been treated with p-amino acid nifie; 
oxidase and examined for keto acids by the method of Cavallini et al. (22). indi¢ 
The most prominent amino acid appeared unmistakably to be aspartic 
acid (blue color with ninhydrin; R; 0.17 (phenol); Ry 0.27 (collidine-luti- — 
dine)), and in the enzyme-treated urines a keto acid corresponding in chro- 2 k 
matographic behavior to that derived from aspartic acid was observed. 3. R 
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DISCUSSION 


The results of the experiments with L. arabinosus are consistent with the 
findings of Holden and Snell (7). Qualitative evidence was obtained that 
p-alanine was the major reactive component of our hydrolysates of LD. 
arabinosus, and the small excretion of p-amino acids after feeding of L. 
arabinosus correlates with the small excretion of p-alanine itself fed under 
similar conditions. 

In the case of B. brevis, the total quantity of p-amino acids found in acid 
hydrolysates, while high, was not nearly so large as that reported by Koni- 
kova and Dobbert (5). Whether differences in cultural conditions or in 
the strain employed can account for these differences in composition is 
problematical. It should, of course, be pointed out that the enzymatic 
method employed in this study will not detect certain p-amino acids and 
will estimate others only partially. However, essentially the same meth- 
ods were employed in both studies. The feeding experiments with B. 
brevis confirmed the existence of D-amino acids in the original material. 
The indications that D-aspartic acid is an important component of acid 
hydrolysates of B. brevis cells and that it is excreted in the urine after 
feeding of unhydrolyzed material are of particular interest because it is 
apparently the first instance of the finding of p-aspartic acid in this or- 
ganism. 

Further studies are being directed toward identification and quantita- 


tive determination of the different pD-amino acids in several natural 
materials. 


SUMMARY 


A study has been made of the occurrence of D-amino acids in acid hy- 
drolysates of cells of Lactobacillus arabinosus, Bacillus brevis, Bacillus sub- 
tilis, Torulopsis utilis, and mycelia of Penicilliwm chrysogenum. ‘The find- 
ing of significant quantities of p-amino acids in the first two materials 
provides qualitative confirmation of earlier reports. 

Additional evidence of the occurrence of p-amino acids in these natural 
materials was obtained in feeding experiments with rats. Inclusion in a 
purified diet of unhydrolyzed cells of B. brevis led to the excretion of sig- 
nificant amounts of D-amino acids in the urine. Chromatographic data 
indicated that a principal component of the urine was D-aspartic acid. 
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ION ANTAGONISMS AFFECTING GLYCOLYSIS BY 
BACTERIAL SUSPENSIONS* 


By HIROSHI TSUYUKI{ anp ROBERT A. MacLEOD 


(From the Department of Biochemistry, Queen’s University, Kingston, 
Ontario, Canada) 


(Received for publication, December 12, 1950) 


The phenomenon termed ‘ion antagonism,” whereby the inhibitory 
action of one inorganic ion can be overcome by adding sufficient of 
another, has been observed in many biological systems (1). Until re- 
cently, no exact explanation for the mechanism of ion antagonism has 
been offered. 

In a study of the mineral requirements of lactic acid bacteria, MacLeod 
and Snell observed examples of ion antagonism which could be visualized 
best aS a competition between the antagonists for an enzyme sur- 
face (2-4). Further support for the hypothesis presented would be forth- 
coming if the same relationships between inorganic ions which have been 
demonstrated in growth experiments were found to apply to enzymes iso- 
lated from the organism. The ultimate objective of the present studies 
is to determine whether or not this is so. 

Inorganic ions have been shown to be required in several of the enzyma- 
tic reactions involved in the physiological breakdown of glucose to lactic 
acid (5). The possibility exists that some of the ion antagonisms influ- 
encing growth of the lactic acid bacteria might be doing so by acting upon 
enzymes involved in glycolysis. The results of studies with resting cell 
suspensions of Lactobacillus arabinosus, presented below, indicate that this 
may indeed be the case. 


Methods 


Preparation of Cell Suspensions—Cells of L. arabinosus ATCC 8014 were 
grown in an amino acid medium prepared as previously described (3), 
except that the required amounts of acetate and phosphate were added as 
salts of triethanolamine. The pH of the medium was adjusted to 5.0, 
since growth was more rapid at this pH in the presence of triethanolamine 
than at higher values. To obtain Kt-deficient cells sufficient Mn** (100 
y per 10 ml.) but insufficient K+ (20 y per 10 ml.) for maximum growth 


* Supported by a grant from the Division of Medical Research of the National 
Research Council of Canada. Presented at the annual meeting of the Canadian 
Physiological Society at Ottawa, Canada, October 17, 1950. 

} From a thesis submitted by Hiroshi Tsuyuki in partial fulfilment of the re- 
quirements for the degree of Master of Arts, Queen’s University. 
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was added to the medium. Mnt+-deficient cells were harvested from a 
medium supplemented with 100 y of K+ and 1 y of Mn** per 10 ml. 

After 36 to 40 hours of incubation at 37° the cells from 100 ml. of ap- 
propriately supplemented basal medium were harvested by centrifugation 
and washed with three 10 ml. portions of distilled water. The washed 
cells were suspended in water and diluted to a turbidity equivalent to 1 
mg. of dry weight of cells per ml. Turbidity, measured in an Evelyn 
colorimeter with a 660 my filter, was related to dry weight by a previously 
calibrated curve. 

Manometric Methods—The rate of glycolysis was determined mano- 
metrically in a Warburg respirometer by measuring the CO: released from 
a bicarbonate buffer by acid produced from glucose. 

Unless otherwise stated, each flask contained the following components: 
0.3 ml. of 0.1 m glucose in the side arm; 0.2 ml. of 0.8 m NaHCOs, 0.1 ml. 
of 0.01 m NaH2PO,-H,0, 0.5 ml. of cell suspension, metal ion solutions, 
and water to 2.7 ml. in the main compartment. For experiments with 
K+ and related ions, 1 um of Mnt*-*, and for Mn** studies, 500 um of Kt 
were added per flask. The suspending medium was adjusted to pH 62 
with an atmosphere of CO, and maintained at a temperature of 37°. 
After a period of equilibration, glucose was introduced into the main com- 
partment from the side arm and manometric measurements were made 
at intervals over a 3 hour period. 

The same kinds of salts as those employed in previous investigations 
were used to prepare metal ion solutions (2, 3, 6). 

Distilled water, redistilled in a glass-distilling apparatus, was used in 
the preparation of all media and solutions. 

Glassware was cleaned with a hot mixture of concentrated nitric and 
sulfuric acids and rinsed first with tap water and finally with distilled 
water. 

Results 


Effect of K+ and Related Ions on Glycolysis—A previous investigation 
has shown that NH,+, Nat, and Cs* inhibit the growth of L. arabinosus 
if insufficient K+ is present and that this inhibition of growth can be over- 
come by adding enough K+ (2). The data presented indicate that a sim- 
ilar relationship affects glycolysis. 

Fig. 1 shows that K* stimulates glycolysis by resting cell suspensions 
of L. arabinosus. The addition of NH,*+, Nat, or Cs* inhibits glycolysis 
(Figs. 1 and 2). The inhibition produced by each of these ions can be 
overcome by the addition of sufficient K+. As the concentration of each 
of the inhibitory ions is increased, the amount of K+ required to overcome 
the resulting inhibition is increased, indicating qualitatively that the in- 
hibitions are competitive in nature. 
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Further evidence for the competitive nature of the inhibitions would be 
obtained if the molar ratios of inhibitor to metabolite at one-half maxi- 
mum reversal of the inhibitions were constant at a number of different 
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MICROMOLES K* PER FLASK 


Fic. 1. Glycolysis by resting cell suspensions of L. arabinosus. The effect of 
K* on the inhibition of glycolysis by NH,* and Nat. The amounts of NH, and 
Na* indicated refer to amounts added per flask. Qco. = microliters of CO: re- 
leased per mg. of cells per 3 hours. 
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Fig. 2. Glycolysis by resting cell suspensions of L. arabinosus. The effect of 
K* on the inhibition of glycolysis by Cs*. The amounts of Cs* indicated refer to 
amounts added per flask. Qco, as in Fig. 1. 
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This has been found to be the case for 
The NH,*:K?+ ratio calculated from these and other 


data is 350. The Cst:K* ratio is 30. The Nat:Kt* ratio, on the other 


hand, decreases progressively from a high of 4800 at a concentration of | 


250 um of Nat to a low of 300 at 1000 um of Nat per flask. 
Rb? is the nutritional equivalent of K+ for the growth of Streptococcus 


faecalis R and Lactobacillus casei but only partially replaces K+ for the | 
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Fig. 3. A, glycolysis by resting cell suspensions of L. arabinosus. The effect of 


Rb?* on the inhibition of glycolysis by Na* and NH,*. Curve 1, response to Rb’; 
Curves 2 and 3, response to Rbt in the presence of the indicated amounts of Nat 
and NH", respectively, per flask. B, the comparative ability of K* and Rbt to 


stimulate glycolysis by resting cell suspensions of L. arabinosus and to overcome the | 


inhibition of glycolysis by Cs*. Curves 1 and 2, response to K* and Rbt respec- 
tively; Curve 3, response to Kt; Curve 4, response to Rb* in the presence of 100 
um of Cs* per flask. Qco, as in Fig. 1. 


growth of L. arabinosus (2). For glycolyzing cell suspensions of L. ara 
binosus, Rbt carries out all of the functions of added K+ (Fig. 3, A and 
B). Rbt, like K+, stimulates glycolysis and overcomes the inhibitions of 
glycolysis produced by adding Nat, NH,* (Fig. 3, A), and Cs* (Fig. 3, 
B). The comparative ability of Rb+ and K+ to stimulate glycolysis and 
to overcome Cst inhibition is shown in Fig. 3, B. Rb+ is slightly less ef- 
fective than K+ in both capacities. 

It has been observed consistently that, although Nat and Cs* can in- 
hibit glycolysis completely, NH,+ is not able to do so in the range of con- 
centrations used to demonstrate the antagonisms. The comparative 
effect of adding increasing concentrations of Na*+ and NH, on the rate d 
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» for glycolysis is shown in Fig. 4. Although NH,* is more inhibitory than 
ther |  Na* at low concentrations, increasing concentrations of NH,*+ do not sig- 
ther | nificantly decrease the rate of glycolysis beyond approximately 50 per 
| cent of the initial rate. 


Bi: An explanation for the nature of the inhibitory effect of NH,+ on gly- 
pecus '  colysis would be forthcoming if this ion inhibited the enzyme triose phos- 
+ the | phate isomerase. If this were the case, dihydroxyacetone phosphate 

| would not give rise to lactic acid and only 1 mole of lactic acid per mole of 
+ | glucose would be produced instead of 2 (7), thus adequately accounting 


for the effect of NH,* on glycolysis. This possibility was tested by de- 
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Rbt to Fig. 4. The comparative effect of adding increasing concentrations of NH,* and 
mente Na* on the rate of glycolysis by resting cell suspensions of LZ. arabinosus. Qco, as 
reaps | iD Fig. 1. 
of 10 


termining the ratio of lactic acid produced to glucose utilized in the 
presence and absence of NH,+. Warburg flask contents after 3 hours 
L. ara} incubation were analyzed for lactic acid and glucose by the methods of 
A and | Barker and Summerson (8) and Park and Johnson (9), respectively. The 
‘ions of | results, corrected for endogenous activity, are presented in Table I. A 
‘Fig. 3, | ratio of 2:1 of lactic acid produced to glucose utilized was obtained both 
sis ald | in the presence and in the absence of NH,+. The effect of this ion upon 
‘lessei- | glycolysis, therefore, is not due to its effect upon the enzyme triose phos- 
phate isomerase. 

can in- The results in Table I also serve to demonstrate that within the limits 
of con-} of experimental error the amount of CO, released from the bicarbonate 
yarative} buffer is an adequate measure of lactic acid production under the con- 
, rated} ditions used in this investigation. 
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Effect of Mn++ and Related Ions on Glycolysis—A previous study has ran} 



























































shown that Znt inhibits the growth of L. arabinosus and that the inhibi- tenc 
tion can be overcome by the addition of Mn++, Mgt, Cat, or Sr** (8), cent 
It 
TaBLeE I B  Znt 
Effect of NH,* on Glucose Utilization and Lactic Acid Production by Resting Cell j sti 
Suspensions of L. arabinosus ; h 
COz released (Lactate aaa Glucose utilized at (3). 
Additions* per flask | icity 
pM per flask 
INOIAGOITIONS. .. oo. ks. ee 24.03 28.43 13.33 2.13 A 
Ue Ga] : a 10.61 11.27 5.55 2.08 B ostra 
* The flask contents are the same as those described for use in studies with ions | glyc 
related to K+ (see the text). {  glye 
+ Micromoles of lactic acid produced against micromoles of glucose utilized. r com 
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Fic. 5. Glycolysis by resting cell suspensions of L. arabinosus. The effect of ns 
Mnt** and Mg** on the inhibition of glycolysis by Zn**. The amounts of Zn** in- 8 

dicated refer to amounts added per flask. Qco, as in Fig. 1. pe. 
of ic 


Zn++ also inhibits glycolysis by resting cell suspensions of L. arabinosus | Mac 
and the inhibition can be overcome by the addition of Mn++ (Fig. 5). the 
As the Zn** concentration is increased, the concentration of Mn** re] tion 
quired to overcome the toxicity is increased. The molar ratio of Zn**: | ing ¢ 
Mn++ at one-half maximum reversal of the inhibition is about 0.8 and} thes, 
remains quite constant over the range of Zn*++ concentrations tested. The} arab, 
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range of concentrations which can be tested, however, is limited by the 
tendency of Zn++ and Mn?** to precipitate as phosphates at higher con- 
centrations. 

In contrast to its effect in growth (3), Mgt* is unable to overcome the 
Zn*++ inhibition of glycolysis (Fig. 5). As can be seen, however, Mgt+ 
stimulates glycolysis to about the same extent as Mn**. 

In growth, Ca++ is the most effective ion in reversing Znt* toxicity 
(3). For glycolyzing cell suspensions, Ca** neither overcomes Znt+ tox- 
icity nor stimulates glycolysis. 


DISCUSSION 


Although the importance of inorganic ions in glycolysis has been demon- 
strated by many investigators (5), few examples of ion antagonism in 
glycolysis have been observed. Utter has shown that Na* inhibition of 
glycolysis in homogenates of nervous tissue of the cotton rat can be over- 
come only partially by Kt (10). Boyer et al., using rat muscle homoge- 
nates, have demonstrated that Na* antagonizes the function of Kt in the 
enzymatic transfer of phosphate from phosphopyruvate to the adenylic 
system (11). 

The results obtained in this investigation reveal that many of the ion 
antagonisms affecting growth of L. arabinosus also affect glycolysis by the 
intact resting cell. When the molar ratios of antagonist to metabolite 
giving one-half maximum reversal of the inhibition of glycolysis are com- 
pared with the ratios permitting one-half maximum growth of the organ- 
ism, some striking similarities are observed. The Cst:K* ratio for 
growing cells, calculated from data previously published (2), is about 25 
and for resting cells 30. The Zn+*+:Mnt ratios calculated from growth 
data (3) and for glycolysis are both approximately 1.0. The correspond- 
ing values for the NH,*:K* ratios are 140 (2) and 350, respectively. No 
satisfactory comparison of the Na+: K+ ratios can be made, since the val- 
ues obtained with resting cells are not constant. The inhibition ratios in 
growing and resting cells are sufficiently similar in the first three cases to 
suggest that the corresponding ion antagonisms could be influencing 
growth by affecting glycolysis. 

Early workers believed ion antagonisms to be due to the opposite effect 
of ions on membrane permeability (cf. Falk (1)). Results obtained by 
MacLeod and Snell with growing cells of lactic acid bacteria suggested 
the possibility that the ion antagonisms encountered were due to competi- 
tion between the antagonists for an enzyme surface (4). Since intact rest- 
ing cells were used in this investigation, no conclusions regarding either of 
these hypotheses can yet be drawn. Studies with cell-free extracts of L. 
arabinosus are now proceeding. 
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Although there are many similarities between the effects of inorganic oe 
ions on growth of and on glycolysis by intact cells of LZ. arabinosus, there a 
are also some significant differences. For instance, NH,* can prevent 
growth completely but can inhibit glycolysis only partially. This finding Th 
would suggest that in growing cells either NH,* can inhibit some other | wal 
system essential for the growth of the organism or it can affect the glyco- seiie 
lytic system in such a way that the partial inhibition the ion produces 
prevents completely the growth of the organism. 

Another difference is observed in the response of growing and resting LF, 
cells to Rb+. This ion cannot replace K+ completely in growing cells of 2.M 
L. arabinosus (2); yet in resting cells, Rb+ and K* appear to be inter- 3. M 
changeable. If Rb+ and K+ are equivalent in glycolysis, the failure of | 4 ™ 
Rbt to replace K+ completely in growth would indicate that there is an | : 
essential réle of K+ in the latter process, apart from its function in gly.) 7 x 
colysis, in which Rb* cannot act. f 8B 

In growing cells, Mgt*, Cat*, and Mn*+ overcome inhibition by Zn+*+, | 9. P. 
but in glycolysis by resting cells only Mnt* is active in this respect. No “4 


adequate explanation for this difference in response can be offered at the 
present time. 


SUMMARY 


Glycolysis by resting cell suspensions of Lactobacillus arabinosus 8014 is 
inhibited by Nat, NH,*, and Cs* if insufficient K* is present. The ex- 
tent of the inhibitions produced by each of these ions is dependent upon 
the ratio of their concentrations to that of K+ and not upon the absolute 
amounts present. Except for those involving Nat, the ratios at a given 
level of glycolysis are relatively constant over the range of concentrations 
tested. 

Rb+ can overcome the inhibition of glycolysis produced by Nat, NH/#, 
and Cs+. When the ability of K+ and Rbt to stimulate glycolysis and 
to overcome Cs* inhibition is compared, Rb* is found to be slightly less 
effective than Kt. 

Whereas Nat and Cs* inhibit glycolysis completely, NH,* can do so 
only partially. NH,+ has been shown to reduce by approximately one- | 
half the total amount of glucose converted to lactic acid by the resting 
cells. 

Zn++ has been found to inhibit glycolysis and the extent of the inhibi- 
tion has been shown to be dependent upon the concentration of Mn** 
present. Mgt+ and Ca++, which are known to overcome the inhibition 
of growth by Znt+, have no detectable effects upon the inhibition of gly- 
colysis by this ion. 

The results, which indicate that some of the ion antagonisms influenc- 
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anic ing the growth of L. arabinosus could be doing so by affecting glycolysis, 
lere have been discussed. 

rent 
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had script. 
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ISOTOPE DERIVATIVE ANALYSIS FOR PROLINE, VALINE, 
METHIONINE, AND PHENYLALANINE* 


By SIDNEY F. VELICK anp SIDNEY UDENFRIENDt 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missourt) 


(Received for publication, November 6, 1950) 


The development of the isotope derivative method of amino acid analy- 
sis and its application to the determination of aspartic and glutamic acids, 
serine, threonine, and hydroxyproline in protein hydrolysates has been de- 
scribed (1). In order to extend the method and to make possible the 
identification of the amino end-groups of proteins we have modified the 
procedure to include glycine and alanine. We have also developed frac- 
tionation procedures which permit the quantitative determination of pro- 
line, methionine, phenylalanine, and valine by the isotope derivative 
method in protein hydrolysates. 


Methods 


In an isotope derivative analysis a mixture of the amino acids is quanti- 
tatively converted, at the microgram level, to the p-iodophenylsulfonyl 
(pipsyl) derivatives, labeled with I'**. To the derivative mixtures are 
added, as indicators, known amounts of one or more pipsylamino acid de- 
rivatives labeled with S* instead of I'*'. The mixture is then fractionated 
by counter-current partition and chromatographic methods and the de- 
sired derivatives, for which S*-labeled indicator derivatives have been 
added, are isolated in pure form. The criterion of purity of an isolated 
chromatographic band is coincidence of S* and I) radiation along the 
direction of band migration on the paper chromatogram. From the meas- 
ured value of the I'*!:$* ratio in the chromatographic band and the known 
specific activities and amounts of indicator used, quantitative analysis 
may be obtained, based upon the dilution principle. 

The preparation of the radioactive reagents and the quantitative forma- 
tion of the derivatives from a protein hydrolysate corresponding to 1 mg. 
or less of protein were carried out as previously described (1). Our more 
generalized fractionation procedure is carried out along the lines originally 


*This work was supported in part by a grant from the American Cancer So- 
ciety on the recommendation of the Committee on Growth of the National Re- 
search Council. 

} Present address, National Heart Institute, National Institutes of Health, Be- 
thesda, Maryland. 
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indicated. The derivative mixture plus the added indicators is subjected 
to a preliminary counter-current partition between ether and 0.2 m hydro- 
chloric acid to remove excess reagent. The derivatives from the combined (b 
ether phases are then subjected to counter-current partition between chlo- 
roform and 0.2 m hydrochloric acid, which separates them into three groups, |” Te 
Each group may be subjected to special purification steps, depending upon | 
the requirements of the analysis, and is finally resolved on one-or more | 
paper chromatograms. Since analysis is based upon isotope ratios, quan- 
titative isolation is not necessary, provided that enough of a derivative and 
its indicator is isolated, in a demonstrably pure form, for accurate differen- 
tial counting with the aid of filters of I'*! and S*. 3. Pli 
The fractionation scheme is summarized in the accompanying diagram. | (a 
Through Step 2, a of the diagram the scheme follows through Step 3 of the 
original procedure. In place of Step 4 of the original procedure we substi- | 
tute the ten plate counter-current distribution between chloroform and 
hydrochloric acid. 
Chloroform-Acid Partition—The derivatives subjected to the chloroform- 
acid partition were obtained from the preceding step in ether solution. 
They were extracted from the ether with one 15 ml. portion of 0.2 m sodium (c) 
hydroxide. The alkaline extract was placed in the first of a series of ten 
conical 60 ml. separatory funnels. Subsequent funnels contained 15 ml. 
each of 0.2 m hydrochloric acid. The contents of Funnel 1 were first ex- 
tracted with a few ml. of chloroform to remove dissolved ether. The aque- 
ous phase remaining was then acidified to pH 1 or below and extracted 
with vigorous shaking with 15 ml. of chloroform. The chloroform was } Plate: 
then transferred to Funnel 2, shaken, and transferred in this manner con- | Pipsy 


—a 
g 








secutively down the series until it reached Funnel 10. Consecutive por- — 
tions of chloroform were shaken with Plate 1 and transferred down the | or 
series of funnels until they reached, respectively, Funnels 9, 8, and 7, etc., elat 
and all funnels contained both an acid and a chloroform phase. By this| two 


operation the derivatives were separated into a water-soluble Group I, an | 
intermediate Group II, and an organic soluble Group III. A number of | 
additional steps were necessary before preparation of the final paper chro- 
matograms. These steps are described below. It will be obvious that the 
exact details of each step and frequently the sequence of operations, as well | 


Pipsy! 
as the type of operation itself, may be varied, depending upon the nature mor 
of the analysis. The preliminary group separation by counter-current par- yon 
tition requires less than 1 hour and permits one-dimensional chromatog- pips 


but: 


raphy on paper strips. Once the indicators have been added, quantitative owe 
na 


handling is no longer necessary. Radioactive bands, located by radic- 
autographs or with an exploring monitor, are readily eluted, subjected to 
various treatments, concentrated, and rechromatographed with the same 
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Scheme of Amino Acid Analysis by Isotope Derivative Method 


1. Protein hydrolysate treated with pipsy] chloride and extracted with ether 
(a) Aqueous phase, Group 0, contains p-iodophenylsulfonic acid, pipsyl arginine, 


(b) Ether extract evaporated to dryness with a few drops of 0.1 N ammonia and 
then diluted to volume with water 
2. To aliquots of (1, b) appropriate S*5-labeled indicators are added 
(a) Traces of p-iodophenylsulfonic acid washed out by 0.2 n HCl 
(b) Washed aliquots containing indicators distributed in 10 plate counter-current 
partition between CHC}; and 0.2 n HCl 





Plates 9-10, Group III 


| 


Plates 4-8, Group II 


Group distributed in 15 (a) Pipsylserine contami- 


plate counter-current 
partition between CCl, 
and 0.2 n HCl 
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Plates 6-9, Group III, b 

(a) Phenylalanine and 
proline derivatives 
first separated on 0.1 
nN HCl chromatogram 

(b) Bands eluted and re- 
chromatographed with 
butanol-ammonia for 
final purification 
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or with different developing solvents. Variations of the method are based | was p 


upon a knowledge of the chemical properties of the derivatives, their chro- of the 
matographic mobilities (retardation factors), and their partition coeffi- | dium 
cients in various solvent pairs. The chromatography of these derivatives | _ phase 
on paper is an adsorption rather than a partition process. In Table I are | ous p 
the retardation factors (Rr) defined as the distance traveled by the band | volun 
divided by the distance traveled by the solvent front from the origin. were 


Group I—The solutions in Funnels 1 to 3 of the chloroform-acid par. | hydr 
tition contain the more water-soluble derivatives, analyses for which were | move 
carried out as originally described (1). The interfering contaminant, pip- | acidif 














TaBLeE | layer 
Retardation Factors of Pipsylamino Acids on Paper Chromatograms a 
ala 
n-Butanol- Th 
Group No. 01 Nn | 0.1 N HCl Comments 
eenesnai | rofort 
0 p-lodophenylsulfonic were 
75:1 ea errr ( (0).0085° 0.70 | By-product of reaction ted u 
e-N-pipsyllysine.......... 0.45 0.55 | Found in hydrolysates of | of wl 
pipsyl proteins about 
I Pipsylaspartic acid....... 0.03 Aspartic and_— glutamic tion 
Pipsylglutamic “ .......| 0.03 acids separated in iso- 
Pipsylhydroxyproline. ...| 0.30 propanol-butanol-ammo- raphy 
PIMs yABOLINO ys 33.9. 9-056 6s <5 0.40 nia chromatograms, Ry solver 
Pipsylthreonine.......... 0.50 variable Gir 
II Pipsyigiyeine: .. .....55.54- 0.40 gives 
PIPSVIMIGMING... 6.66634 6% 0.50 0.70 Althe 
III Pipsylproline............. 0.40 0.70 : 
Pipsylmethionine......... 0.65 0.60 | Determined as sulfone relati 
Pipsylphenylalanine...... 0.65 0.35 of thi 
Pipsylvaline. ....... 5.5666. 0.70 0.60 | Methionine removed by j an ea 
Pipsylleucines............ 0.75 0.60 oxidation plate 
Pipsylmethionine sulfone.| 0.40 hye 

















f in th 
sylglycine, was removed by addition and reprecipitation of unlabeled pip- wie 
sylglycine carrier in amounts sufficient to precipitate all significant amounts | = Vy 
of radioactive pipsylglycine (1). Chromatographic resolution of the as- — aeiq 

partic and glutamic acid derivatives was effective only when less than 57 | deriy 
of each was present on a paper strip. In contrast, the derivatives of the | aque 
hydroxyamino acids separated well at loads up to 400 y. Consequently, te 
when aspartic or glutamic acid is to be determined in mixtures in which ‘aiaies 
they are both present, it is necessary to use reagents and indicators of | emplc 
higher specific activity than is required for the determination of the other | tainec 
amino acids. meth« 


Group II—The interfering derivative to be removed from this group eee 
alyses 
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was pipsylserine. This was achieved by solvent partition. The contents 
of the funnels comprising Group II were made alkaline to pH 9 with so- 
dium hydroxide and shaken to transfer the derivatives to the aqueous 
phase. After drawing off and discarding the chloroform layers, the aque- 
ous phases were combined, acidified to pH 1, and extracted once with $ 
volume of ether, and the aqueous phase was discarded. The derivatives 
were then extracted from the ether solution with 20 ml. of 0.2 m sodium 
hydroxide. One extraction of the alkaline solution with chloroform re- 
moved the bulk of the dissolved ether. The aqueous solution was then 
acidified and extracted with 8 volumes of chloroform, and the aqueous 
layer was discarded. The chloroform solution, after one washing with $ 
volume of 0.2 m hydrochloric acid, contained the desired derivatives of 
alanine and glycine free of interfering substances. 

The derivatives were concentrated by extracting them from the chlo- 
roform into 20 ml. of 0.2 m sodium hydroxide. After acidification they 
were then extracted into 15 ml. of ether. The ether solution was evapora- 
ted under an air stream in a 50 ml. conical centrifuge tube, the lower half 
of which was immersed in warm water. The residue was dissolved in 
about 0.2 ml. of 2 N ammonia in 50 per cent ethanol, and a suitable frac- 
tion, tested with a monitor, was applied to a paper strip for chromatog- 
raphy. »-Butanol, saturated with 0.1 N ammonia, was the developing 
solvent." 

Group III—The method we have employed for resolving this group 
gives clean separation of proline, valine, methionine, and phenylalanine. 
Although the steps are numerous, they are simple and may be carried out 
relatively rapidly. Since the leucines constitute a relatively large fraction 
of this group in most protein hydrolysates, it is best to separate them at 
an early stage. This is done by subjecting the entire group to a fifteen 
plate counter-current partition between carbon tetrachloride and 0.2 m 
hydrochloric acid. The method of partition is the same as that employed 
in the chloroform-acid partition deseribed previously. The resulting dis- 
tribution is shown in Table II. 

Valine and Methionine—Funnels 1 through 5 of the carbon tetrachloride- 
acid partition were combined, made alkaline, and shaken to transfer the 
derivatives to the aqueous phase. After drawing off the chloroform, the 


‘Control analyses for glycine and alanine by essentially this method have been 
carried out by Dr. Milton Levy (unpublished) at New York University. We have 
employed the method on glyceraldehyde phosphate dehydrogenase and have ob- 
tained results in agreement with those obtained by the isotope derivative carrier 
method (3). Analyses of salmine for glycine, alanine, proline, and valine by 
methods described here yielded results in close agreement with subsequent an- 
alyses by ion exchange chromatography of the free amino acids. 
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evaporated to dryness in a conical centrifuge tube. The bulk of the ley. | the | 
cines which might contaminate a valine band by tailing was absent from | _ the! 
this fraction, but about 20 per cent of the pipsylphenylalanine, which | _ tion. 
tends to smear in chromatograms, was present. It was possible to elimi- Tk 
nate the pipsylphenylalanine by transferring the residue to a paper strip | and 
with ammoniacal ethanol and developing a chromatogram with 0.1 y | The 
hydrochloric acid. In this system most of the derivatives move in a series | _ dilut 
of fast overlapping bands, but pipsylphenylalanine, due presumably to | moly 
its two benzene rings, is more strongly adsorbed and moves more slowly | _ tract 
than the other derivatives. The area containing the fast moving bands | dilut 


we 
































was cut into small pieces and placed in the bottom of a test-tube, where ’ grap! 
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Gnisdaatistins itt Partition coef Per cent of total compound in plates chlor 

. Plates 1-5 Plates 6-9 Plates 10-13 . 

wit 

PRA TANTIO 15.225 \32s5 pins trsie ss st 0.26 82 18 0 phen 
MING ces sid woud Pacis Bie as 0.44 50 49 1 Sound 

PRONG: .6etuak cower 0.67 22 70 8 

Phenylalanine... 5.2665... 0.75 19 72 9 — 
PCIND files ks YS a 1-2 3 54 43 Co 
iat concentration in organic phase dai 
concentration in aqueous phase tas aa 

it was extracted by simple mixing with three 1 ml. portions of dilute am- able 
monia. The extracts were removed from the tube with a rubber bulb | _ : 
pipette, pooled, and divided into two portions. Samy 
The first portion was used for valine analysis. Pipsylmethionine was — 
now the only interfering substance. It was removed by selective oxida- | dilute 
tion. The solution was diluted to 5 ml. and treated with 5 ml. of super- latter 
oxol and 5 ml. of 2.5 per cent ammonium molybdate in 5 N sulfuric acid ) °°? 
at 100° for 2 hours. It was then cooled and the pipsylvaline was extracted | _ 
with 20 ml. of ether. The ether solution was washed twice with equal place 
volumes of 0.2 n hydrochloric acid and then evaporated to dryness. A ieas 
pure valine band was obtained by chromatographing the residue with wae 
butanol-ammonia. —_— 
The second portion of the solution was used for methionine determins- ie 
tion. In this analysis the methionine derivative is separated from that 9 " 
of valine by converting it to the sulfone. In the butanol-ammonia system —— 








XUM 


leu- 
from 
hich 
limi- | 
strip i 
.L w | 
series 
ly to 
lowly | 

| 
ands | 








vhere ' 


anine, | 





+4 
a 





10-13 





wowor o& 





te am- | 


r bulb | 


1e Was | 
oxida- | 
super- | 


c acid | creeping during drying. The disks were mounted in holders on the per- 


racted 
. equal 
ss. A 
e with 


srmina- 
m that 
system 





S. F. VELICK AND S. UDENFRIEND 120 


the pipsylmethionine sulfone band overlaps that of pipsylproline and so 
the latter compound must be removed chromatographically prior to oxida- 
tion. 

The derivatives were transferred to ether solution, taken to dryness, 
and chromatographed with n-butanol saturated with 0.1 N ammonia. 
The overlapping valine and methionine bands were eluted and the eluate, 
diluted to 5 ml., was oxidized with 0.5 ml. of superoxol and 2.5 ml. of the 
molybdic acid solution at room temperature for 40 minutes. After ex- 
tracting the acid solution with ether, the ether was washed twice with 
dilute hydrochloric acid and evaporated. The residue was chromato- 
graphed with butanol-ammonia and yielded a pure band. This method of 
modifying methionine for chromatography was suggested by the procedure 
of Dent (2). 

Phenylalanine and Proline—Plates 6 through 9 of the carbon tetrachlo- 
ride-acid partition were combined. The derivatives were transferred to 
the aqueous phase with alkali and then, after discarding the carbon tetra- 
chloride, they were acidified and transferred to ether. The contents of 
the ether solution, after removal of the solvent, were chromatographed 
with 0.1 nN hydrochloric acid to effect a preliminary separation of the 
phenylalanine and proline derivatives. The bands were eluted, trans- 
ferred to ether, and rechromatographed on separate strips with butanol- 
ammonia, where they were obtained in pure form for differential counting. 

Counting—When possible, analyses were designed so that 8000 to 40,000 
c.p.m. were isolated in a final purified band. Aliquots of the original 
derivative mixture were taken to contain several times these amounts 
in order to allow for losses during purification and to leave material avail- 
able for duplicate chromatograms. Counting was carried out with an 
automatic recording sample changer that carried twenty-five samples. 
Samples eluted from consecutive segments of the purified bands were dried 
under infra-red lamps on 2.5 em. copper disks that had been dipped in a 
dilute solution of Silicone in ether to form a hydrophobic surface. The 
latter treatment was necessary to prevent spreading of the drops and 


imeter of the sample changing wheel, together with two symmetrically 
placed decay standards of I'*! and §**. The time necessary to make a 
predetermined number of counts, usually 4096, per sample was recorded 
ona tape. The wheel was then rotated one position to bring a new sample 
under the Geiger tube. Repeated cycles of the sample which were made 
until the statistical counting error per sample was about 1 per cent. 
An aluminum filter which cut out virtually all of the sulfur radiation and 
about one-half of the iodine radiation was then placed on the instrument 
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and after removing the S** decay standards the counting cycles were re. 
peated.2 Since the samples were virtually weightless, no absorption 
correction had to be made, and, when the samples were centered with 
reasonable care on the disks, the geometry correction was negligible. 


The purity of an isolated chromatographic band was checked by com. | 
parison of the ratios of counts per minute with and without a filter on | 
consecutive segments of the band. This procedure is essential in every | 


case, since bands which appear on the chromatogram to be sharply sep. 
arated from neighboring bands may prove to show discordant ratios in 
different parts of their area and thus to contain sufficient impurity to give 


erroneous results. If the ratios in consecutive segments of a band were | 
found to agree within a few per cent, an average was taken and the ratio | 
I'*1:S%5 was calculated from the following relationships. Let I'* be the) 
counts per minute from the iodine in a sample and S* be the counts per} 
minute from the sulfur. The total counts per minute without a filter will 


then be 

(1) [1st + §3% = A 

and the total counts per minute with a filter will be 
(2) fil! + fsS* = B 


where f; and fs represent the respective fractions of the iodine and sulfur 
radiation, respectively, that pass the filter. The ratio I'*':S* is then given 
by the equation 


B/A — fs 
frl— B/A 


where B/A is the directly determined ratio of counts per minute with and 
without a filter and f; and fs are independently determined on standari 
isotope samples. 

A consequence of employing automatic counting is that there may bes 
considerable lapse of time between the counting cycles with and without 
a filter. During this period significant decay of the I’! may occur. | 
practice this decay results in variation of the apparent values of f; ant 
fs when the f values are determined from decay standards that ar 
mounted in the same counting cycles as the unknown samples. The var: 
ations depend upon the counting intervals and it can be shown that, i 
the decay standards are symmetrically placed on the wheel, the f value 
when used directly as obtained, provide internal correction for the deca 
of I'*! during counting. 


[131/G5 = 





2 It is desirable to remove the S*> standard at this point because so little S* 
diation passes the filter that the automatic counting of a predetermined number! 
counts would be unnecessarily delayed. 
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Results 


A mixture of eighteen amino acids in the typical proportions found in 
proteins was prepared and diluted to volume. An aliquot containing 0.2 
to 2.0 um of each of the various amino acids was treated with pipsyl] chlo- 
ride in the usual way and the derivatives were isolated and diluted to 
50.0 ml. Instead of adding all of the desired S** indicators to a single 
aliquot, a separate aliquot was taken for each of the four amino acids 
studied. ‘This procedure enabled us in an exploratory analysis to follow 
the events more closely. In addition to illustrating some of the varia- 
tions that may be made when a single amino acid is sought, it enabled us 
in the case of valine, which was present in relatively large amounts, to 
take a smaller aliquot and thus to conserve the S** indicator, which was 
more than a year old and running low in specific activity. 

Phenylalanine—To a 10 ml. aliquot, 0.500 ml. of S*-pipsylphenylal- 
anine standard was added. After acidification the solution was ex- 
tracted with an equal volume of chloroform and the chloroform was then 
washed ten times with equal volumes of 0.2 Nn hydrochloric acid. This 
procedure provided a short cut to Plate 10 of a counter-current partition 
and yielded most of the phenylalanine derivative. A pure pipsylphen- 
ylalanine band was obtained by developing a chromatogram with 0.1 N 
hydrochloric acid and then rechromatographing the phenylalanine band 
with butanol-ammonia. Ratios of filtered to unfiltered counts from elu- 
ates of consecutive band segments were 0.278, 0.275, 0.273, and 0.274. 

Methionine—An 8.00 ml. aliquot plus 0.500 ml. of S**-pipsylmethionine 
standard was carried to Plate 9 by the short procedure described for phen- 
ylalanine. The derivatives were then transferred to alkali and subjected 
to an abbreviated carbon tetrachloride-acid partition. The alkaline solu- 
tion, 15 ml., was placed in the first of five separatory funnels and acidified, 
and 15 ml. of the dilute acid were placed in each of the remaining four 
funnels. Fifteen consecutive portions of carbon tetrachloride, 15 ml. each, 
were passed into the series, giving the equivalent of the first five plates of 
a fifteen plate partition. A pipsylmethionine sulfone band was isolated 
as described under ‘‘Methods.” Ratios of filtered to unfiltered counts in 
consecutive segments of the band were 0.240, 0.241, and 0.247. 

Valine—A 3 ml. aliquot of the stock solution plus 0.500 ml. of valine- 
S* indicator solution was carried through the same abbreviated extraction 
procedure as was applied to methionine. The valine band was purified 
and isolated as described under “Methods.” Ratios of filtered to un- 
filtered counts in consecutive segments of the pipsylvaline band were 0.236, 
0.234, 0.230, and 0.236. 

Proline—This amino acid was determined on an 8.00 ml. aliquot plus 
0.500 ml. of indicator solution. It was carried to Group III by the short 
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process and then subjected to the carbon tetrachloride-acid distribution, out 

from which it was isolated as previously described from Plates 6 to 9, how 

Ratios of filtered to unfiltered counts in consecutive segments of the chro- — 

matographic band were 0.195, 0.193, and 0.197. p  ities 

A summary of the control analyses is presented in Table III. p per 
DISCUSSION 

1 


The experiments reported here indicate that the pipsyl derivatives of 


the amino acids studied may be isolated in sufficiently pure form for rig- the 


proli 


























TaB_eE III com| 
Tsotope Derivative Analyses for Phenylalanine, Valine, Methionine, and Proline in | 2. 
Synthetic Mixture Containing Eighteen Amino Acids the. 
I'31 standard 7 these 
S*5 indica- a ——__——- . i A 
Amino acid tor, ‘counts = » average of Counts per 1 countst = Poy oo 
eo ony all band segments| fr |- z ore S* counts | taken found tion 
“aM 3. 
% a mon 
pu-Phenyl- 
alanine.......| 38,838 |0.275 + 0.002/0.389 671.8 2.406 10.8 10.4 Th 
pL-Valine ...... 33,043 0.234 + 0.002,0.390) 393.4 1.494 7.08 7.288 sion 
pu-Methionine..| 29,602 |0.2438 + 0.003 (0.384! 431.2 1.717 8.75 8.73 ; 
L-Proline....... 36,941 (0.195 + 0.001)0.391) 366.1 0.996 6.30]| 5.74 




















Sample calculation, micrograms of methionine = 29,502 X 1.717 * 0.000496/ 1. Ke 
431.2 X 149.2 = 8.73, where the factor 149.2 is the number of micrograms of methio- 2. De 
nine per micromole. 3. Vel 

* B/A = (counts per minute filtered)/(counts per minute unfiltered). 

¢ Equation 3 (see the text). 

t Corrected for 1.5 per cent formation of the N-dipipsyl derivative. 

§ Corrected for 1.0 per cent formation of the N-dipipsyl derivative. 

|| Commercial sample of t-proline isolated from a protein hydrolysate. 


orous identification and analysis. In the control analyses the only radio- 
active impurities in the isolated bands could have been substances con- 
taining I'*!, which would have led to high results. The recoveries of | 
valine and methionine were within the limits of error of the method. The | 
recoveries of proline and phenylalanine were both a few per cent low, an 
event which could not be attributed to radioactive contamination. In 
the case of proline the analytical result represents to a large extent the 
purity of the proline sample added to the mixture, which was a commercial 
sample of L-proline isolated from a protein hydrolysate. We cannot with 
certainty offer a similar explanation for the recovery of phenylalanine. | 
However, a 2 per cent impurity in the phenylalanine would bring the dis- 
crepancy within the probable error of the method. It should be pointed 
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out that the probable error of the isotope derivative method depends upon 
how the details of the experiments are designed. There is no obvious 
reason why, with suitable attention to manipulative details, specific activ- 


ities, and criteria of purity, the absolute error cannot be reduced to +1 
per cent or less. 


SUMMARY 


1. Methods have been developed for the separation in a pure form, at 
the microgram level, of the p-iodophenylsulfonyl (pipsyl) derivatives of 
proline, valine, methionine, and phenylalanine from the derivatives of a 
complete amino acid mixture. 

2. When I?*!-labeled pipsyl chloride is used to form the derivatives and 
the corresponding derivatives labeled with S** are added as indicators, 
these methods may be employed for the positive identification of these 
amino acids in protein hydrolysates and for their quantitative determina- 
tion by the isotope derivative indicator method. 

3. A scheme is presented for the isotope derivative analysis of eleven 
monoamino acids in a single mg. sample of protein. 


The I'** and $* used in this work were supplied by the Isotopes Divi- 
sion, United States Atomic Energy Commission. 
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THE ISOTOPE DERIVATIVE METHOD OF PROTEIN AMINO 
END-GROUP ANALYSIS* 


By SIDNEY UDENFRIENDf{ anp SIDNEY F. VELICK 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missourt) 


(Received for publication, November 6, 1950) 


The free amino groups of proteins can be made to react in a variety of 
ways with p-iodophenylsulfonyl (pipsyl) chloride. The sulfonamide de- 
rivatives so formed are resistant to conditions which hydrolyze the peptide 
bonds of proteins. From an acid hydrolysate of the protein derivative 
prepared with I'*!-labeled pipsyl chloride, the pipsyl derivatives of the 
amino acids at the amino end of the peptide chains and ¢-N-pipsyllysine 
may be isolated, identified, and quantitatively determined. Methods for 
carrying out these analyses are described in this paper, together with their 
application to bovine insulin, horse hemoglobin, and rabbit muscle 
aldolase. 


Methods 


Methods for the preparation of the radioactive reagents have been de- 
scribed (1, 2). The reaction between proteins and pipsyl chloride may be 
carried out in either a homogeneous or heterogeneous system. Both types 
of reaction were studied and it was found that the heterogeneous reaction 
was more generally applicable. 

Heterogeneous Reaction—The vessel in which the reaction was carried 
out was a 50 ml. Erlenmeyer flask with an elongated neck terminated by a 
ground glass stopper. To approximately 20 to 100 mg. of protein in 3 
ml. of water were added 90 mg. of NaHCO;. When the salt had dis- 
solved, 6 ml. of absolute ethanol were added slowly with stirring. The 
I'*labeled pipsyl chloride was then added as a solution of 400 mg. in 1.5 
ml. of benzene. The tube was stoppered and attached to a vibrator. 
After 2 hours of shaking the entire sample was transferred to a 50 ml. 
centrifuge tube and about 35 ml. of ether were added. The tube was cen- 
trifuged, the ether layer was removed with a rubber bulb pipette, and 20 


) ml. of acetone were added to the tube. The resulting precipitate of pipsyl 


protein was then washed by centrifugation: twice with acetone, three times 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 

} Present address, National Heart Institute, National Institutes of Health, Be- 
thesda, Maryland. 
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with water, twice more with acetone, and finally with ether. The washed 
precipitate was dried in air, dissolved in about 1 ml. of 1 N NaOH, and 
made up to a definite volume. Protein concentration in this solution was 
determined either by determining nitrogen or proline in an aliquot. 


Homogeneous Reaction—It is possible to dissolve many proteins in 60 


per cent acetone in water containing tetramethylammonium bicarbonate, 
Pipsyl chloride is also soluble in this solvent. The reaction is complete in 
less than 2 hours at room temperature. If a known amount of protein is 
used, the product need not be isolated but may be hydrolyzed directly 
after evaporating the solvent. End-group analyses of insulin by this 
method were successful on samples weighing 200 y. The chief disadvan- 
tage of the homogeneous reaction is the fact that the radioactive by-prod- 
ucts and impurities are carried along with the protein derivative and re- 


quire rather elaborate procedures for their subsequent removal. A second | 


disadvantage is that many proteins cannot be handled in the above solvent. 


TABLE [ 
Stability of Several Pipsylamino Acids to Acid Hydrolysis 

















Per cent remaining after various periods of hydrolysis 
Compound 
2 hrs. 4 hrs. 8 hrs. 16 hrs. 
Pipsyielyome ss. 2. os fs. ne 96 91 79 68 
Pipsylphenylalanine........... 97.5 95 93 88 
«-N-Pipsyllysine............... 98 96 92 89 





The samples were hydrolyzed in sealed tubes at 115° in 6 n HCl. 


Hydrolysis Conditions—The sulfonamide bond that is formed between 


the reagent and the amino groups of the terminal amino acids is much 
more stable than the peptide bond. The rates of decomposition of several 


pipsylamino acids in 6 N HCl at 115° in sealed tubes are presented | 


in TableI. It is possible, with this high stability, to hydrolyze the protein 
completely and leave most of the pipsylamino acids. If one assumes that 


at the same rate as it does in the free derivative, then one can correct for 
hydrolysis by applying the correction for the free pipsylamino acid under 
the same condition of time, temperature, and acidity. Obviously, the 
larger the correction, the greater the possible error. The indicator 
method provides an internal standard which, with the same assumptions 
as above, corrects for the destruction of pipsylamino acids during hydroly- 
sis. A measured amount of S**-labeled pipsylamino acid is added to the 
sample before hydrolysis. Since it is assumed that the protein-bound 
derivative (I! label) and the free derivative (S** label) hydrolyze at the 
same rate, one can determine the amount of I'*!-pipsylamino acid preset 
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before hydrolysis from the ratio S**:I'*! in the pure isolated derivative. 
This internal correction makes the analysis independent of any variables 
that may arise during hydrolysis of different samples. 

Identification and Determination of End-Group Derivatives—Since the an- 
alytical results are calculated from the ratio I'*!:S* in a purified chro- 
matographic band, a pure product must be obtained, but the yield need 
not be quantitative. We have outlined in the preceding paper the general 
fractionation scheme for isolating the pure derivatives of eleven mono- 
amino acids for the analysis of these amino acids in protein hydrolysates 
(3). In end-group analyses the problem is simpler, since the fractiona- 
tions involve only the e-N-pipsyl derivative of lysine and the derivatives 
of those few amino acids which occupy terminal amino positions in the 
peptide chains. Many of the steps required for the analysis of a complete 
mixture may therefore be omitted. 

In making the preliminary identification it is helpful to follow the gen- 
eral scheme through the ten plate chloroform-acid partition, which sep- 
arates the derivatives into three main groups. At this point the 
derivatives in each funnel may be transferred to the aqueous phase by 
adding alkali and shaking. A rapid survey of the position of the activity 
maxima may be obtained by counting the aqueous layer of each funnel 
with an upright counting tube and a concentric, thin walled, liquid sample 
holder. The results obtained guide the selection of groups for chromatog- 
raphy. When small samples have been used or the specific activity of 
the reagent is not sufficiently high, liquid counting may not be sensitive 
enough for this purpose. In such a case the usual group separations are 
made and each group is chromatographed in its entirety. 

Preliminary identification of the bands in Groups I and IT can be made 
from their retardation factors if known standards are run in paral- 
lel. Final identification is made by eluting the bands and rechromato- 
graphing them separately with the appropriate S**-labeled indicator. 
Positive identification is obtained if the rechromatographed band contains 
I" and S** in constant ratio along the direction of its migration. If the 
preliminary identification appears to be clear, the final identification with 
indicators may be obtained when the quantitative determination is made. 
In Group III proline can usually be identified from its Ry in a butanol- 
ammonia chromatogram of the whole group and phenylalanine can be 
identified from a hydrochloric acid chromatogram. Other members of 
Group III cannot be identified unambiguously from their Rp on a butanol 
chromatogram, but the alternatives may usually be limited to a few pos- 
sibilities. In p-glyceraldehyde-3-phosphate dehydrogenase a band was ob- 
tained which corresponded to either valine or methionine. Identification 
was made by eluting the band and rechromatographing portions separately 


with S*-labeled valine and methionine indicators. The aliquot with 


XUM 
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valine indicator migrated with complete coincidence of S** and I'*!, whereas 
the methionine indicator separated almost completely from the I'*!-labeled 
material. 

Once the qualitative identifications of the end-groups are achieved, the 
quantitative determinations may be still further simplified. If the ter- 
minal residue is in Group II the chloroform-acid partition may be short- 
ened and the partitions which remove contaminating pipsylserine may be 
usually eliminated. End-group derivatives in Group III may be extracted 
from the hydrolysate directly with chloroform and purified by eight to 
nine washings with dilute acid before concentrating the solution for chro- 
matography. Other steps which may be eliminated or included in the 
analysis depend upon the qualitative composition of the mixture. 


Identification and Determination of Lysine—In hydrolysates of pipsyl | 


protein derivatives lysine occurs as e-N-pipsyllysine unless lysine occurs 
as an end-group, in which case lysine will also be obtained as a,e-N-dipip- 
syllysine. The former derivative is found in Group 0, the latter in Group 
III. So far terminal lysine has not been detected in a protein. ‘“‘Inter- 
nal” lysine, however, is of considerable importance, since it should be 
obtained in amounts equivalent to the total lysine content of the protein 
and thus provide partial evidence for the completeness of the derivative 
reaction. 

In order to make the S*-labeled ¢«-N-pipsyllysine indicator, the lysine 
monohydrochloride is boiled with a small excess of cupric carbonate and 
filtered. The blue solution of the amino-copper complex of lysine is then 


treated in the usual way with pipsyl chloride in the presence of sodium | 


bicarbonate at 100°. The e-N-pipsyllysine precipitates from solution as 
the green copper complex salt. The copper may be removed with hydro- 
gen sulfide from acid solution or more simply by dissolving in a minimal 
volume of hot 2 n hydrochloric acid and chilling. The ¢-N-pipsyllysine 


crystallizes and the last traces of copper may be removed by a few recrys- | 
tallizations. The material is usually chromatographically homogeneous. | 


If it is not, then adequate purity may be insured by running a chromato- 
gram with material of high specific activity in the butanol-ammonia 
system, eluting the pure band, and diluting to volume for use. The latter 
procedure may be followed with any indicator derivative. The molecular 
extinction coefficient, E, for e-N-pipsyllysine (where Ecl = logit Io/I, ¢'s 
in moles per ml., and / is in em.) is 15.8 X 10° sq. em. per mole at 250 mp 
in 0.1 N hydrochloric acid. 


Five extractions with ether of the diluted hydrolysate of the pipsyl pro- | 


tein derivative remove most of the radioactive material except «-N-pipsyl- 
lysine and the hydrolyzed reagent p-iodophenylsulfonic acid. We refet 
to this aqueous residue as Group 0. To determine lysine, Group 0 from 


1§. Velick and S. Udenfriend, unpublished material. 
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a protein derivative to which lysine indicator had been added before hy- 
drolysis is evaporated to dryness under an infra-red lamp and the residue 
is taken up in 2 N ammonia in 50 per cent ethanol. The insoluble material 
isremoved by centrifugation or filtration and an aliquot of the clear solu- 
tion containing the appropriate number of counts is applied to a paper 
strip for chromatography in the butanol-ammonia system. The Ry is 
0.45, whereas that of the sulfonic acid is 0.65. In most proteins the lysine 
content is relatively high and the dilutions required for lysine analysis are 
usually sufficiently high so that other bands, except possibly that of the 
sulfonic acid, are not detectable. Analyses for lysine by this method are 
not as reproducible as other isotope derivative analyses in which deriva- 
tives are made of the hydrolysates. However, the results obtained fall 
within 10 per cent of the accepted values for proteins which have been 
analyzed by other methods. A summary of the analytical scheme is pre- 
sented in the accompanying diagram. 


Identification and Determination of Amino End-Groups of Proteins by Isotope 
Derivative Indicator Method 


. Protein + I'*!-pipsyl chloride — I!*!-pipsyl protein 


non = 


. -pipsyl protein = free amino acids + terminal I'*!-pipsylamino acids + «- 
N-pipsyllysine (I!*1) 

. Extraction of end-group derivatives from hydrolysate with ether and 5 plate 
counter-current extraction between ether and 0.2 n HCl to remove hydrolyzed 
reagent 

. Identification of amino end-groups by counter-current partition and paper chro- 
matography with or without the aid of S*5-labeled indicator derivatives 

. Addition of known amounts of identified terminal derivatives labeled with S*5 
toa known amount of I"*!-labeled protein derivative and repetition of above 
processes 

6. Chromatographic bands cut into segments perpendicular to direction of migra- 

tion, eluted, and differential counts made of I*! and S*5 radiation with aid of 
filters 

. Final identification and demonstration of purity obtained from constancy of ratio 
I'8; $35 along direction of migration of band 

8. Quantitative determination of end-groups from I!*!:$%5 ratios in pure bands, 

known amounts of S** indicators and protein derivative employed, and specific 
activity of I'*!-labeled reagent 

9. Control derivative reaction by determination of e«-N-pipsyllysine in ether-ex- 

tracted hydrolysate 


os 


a= 


or 


~ 


Terminal Amino Groups in Proteins 


Insulin—The sample employed in this analysis was bovine zinc insulin, 
recrystallized five times, that was free of the hyperglycemic factor (4) and 
had an activity of 27 units per mg. The insulin derivatives yielded on 


? We wish to thank Dr. E. D. Campbell of Eli Lilly and Company for the samples 
of insulin, 
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hydrolysis the pipsyl derivatives of glycine, phenylalanine, and lysine, § lase 
No other terminal amino acid derivatives could be detected. The results mol 
of the analyses are presented in Table II. In addition to the experiment | 
summarized in Table II we have carried out several analyses by the micro- 











































procedure in which the derivative reaction was carried out in homogeneous : T 
solution. Although these were not the best values, in all cases they were f met 
close to 1 residue each of terminal glycine and phenylalanine per subunit } emp 
of 12,000. The recoveries of lysine as its e-N-pipsyl derivative were within it hi 
a few per cent of the accepted values (5). the 
TasBLeE II than 
Amino End-Groups of Insulin, Hemoglobin, and Aldolase =i 
— e 
Counts per min. 
Protein End-group See a = he [81 standard fi Pr Pipe 3 than 
po pede ardt titat 
beca 
C.p.m. per uM oo Pa uM W 
Bovine insulin | Glycine 0.072 + 0.001/8.09 x 105 0.390 |49.08010.0165 | gg critic 
(12,000) t Phenylalanine|0.075 + 0.002/8.09 X 105 0.390 /46,322/0.0165 | 0, cove 
(e-N) lysine 0.122 + 0.001|8.09 x 105 0.390 |22,69410.0055 | 28 neitl 
Horse hemoglobin | Valine 0.068 + 0.001/3.45 XX 105 0.395 |51,960/0.0173 | | react 
(66,700) (e-N) lysine |0.170 + 0.002/3.45 X 105 0.395 |22,786/0.00119 | 4 “ 
Horse globin _| Valine 0.190 + 0.002/3.25 x 105 0.392 |39,07010.0582 | 1p 
(64,500) (e-N) lysine |0.123 + 0.001/3.00 > 105 0.382 |18,066/0.000864 1 § of Se 
Rabbit aldolase | Proline 0.149 + 0.002/3.25 xX 105 0.392 |42,170/0.0430 | 1g bin, 
(140,000) 0.148 + 0.002/1.717 X 105] 0.384 |47,190|0.0730 | 28 each 
(e-N) lysine (0.204 + 0.002)1.717 X 105 0.384 |19,123)/0.00164 | 77 Sang 
fr and fg represent fractions of I" and S* radiations that pass the filter. mole 
* The average deviations are computed from the counts of consecutive segments of abi Sir 
tfs = 0.0008. expec 
t Molecular weight. quali 
Hemoglobin—The samples used in this analysis were horse hemoglobin } fluor 
which was recrystallized three times.? The analyses were carried out withf !PSY 
the intact hemoglobin and with samples of globin prepared from it by} with 
the method of Anson and Mirsky (6). In both cases the lysine recovery of the 
was in fair agreement with previously reported values (7). There wer} ee 
obtained 2 moles of terminal valine per mole of protein. The analytical) °?"™ 
data are summarized in Table II. No evidence of terminal a-aminf ?°'e 
groups other than those of valine could be detected. altho 
Aldolase—The aldolase was prepared from rabbit skeletal muscle by f ro 
0 pe 


the method of Taylor, Green, and Cori (8) and recrystallized twice. Aldo fF 


tion ¢ 
? One sample was prepared by Dr. Emil Smith of the University of Utah ani carrion 
another was prepared by Mr. Joseph E. Hayes, Jr., in this laboratory. I report 
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lase was found to contain approximately 2 moles of terminal proline per 
mole of protein (Table IT). 


DISCUSSION 


The method reported here resembles in principle the amino end-group 
method of Sanger, who used dinitrofluorobenzene as the reagent (9). By 
employing an I'*!-labeled pipsyl chloride reagent and S**-labeled indicators 
it has been possible to work with smaller amounts of material and to make 
the chromatographic identifications somewhat simpler and more rigorous 
than in the dinitrofluorobenzene method. The use of the indicator prin- 
ciple makes quantitative isolation unnecessary for quantitative analysis. 
The pipsyl derivatives are in most cases more resistant to acid hydrolysis 
than the dinitrophenyl derivatives. In the case of proline, in which quan- 
titative analysis is extremely difficult by the dinitrofluorobenzene method 
because of extensive hydrolytic breakdown, the pipsyl method works well. 

Whatever reagent is employed to make the end-group derivative, the 
critical problem is an adequate criterion of completeness of reaction. Re- 
covery of the lysine through its e-N-pipsyl derivative is helpful but is 
neither a necessary nor sufficient criterion of completeness of end-group 
reaction. Both reagents appear to combine with most or all of the lysine. 

The present results are in qualitative agreement with the results 
of Sanger (9) on insulin and of Porter and Sanger (10) on horse hemoglo- 
bin, but there are large quantitative discrepancies. We find 1 residue 
each of terminal glycine and phenylalanine per subunit of insulin, whereas 
Sanger finds 2 of each. We can detect only 2 terminal valine residues per 
molecule of hemoglobin, while Porter and Sanger find 6. 

Since the errors in the dinitrofluorobenzene method would lead one to 
expect low rather than high results, there is little basis, in view of the 
qualitative agreement, for suspecting that the results by the dinitro- 
fluorobenzene method are too high. It would appear, therefore, that 
pipsyl chloride, under the conditions employed, does not necessarily react 
with all of the terminal amino groups. Such a result might mean that some 
of the terminal amino groups are sufficiently buried in the structure to be 
inaccessible to pipsyl chloride but not to dinitrofluorobenzene. However, 
optimal conditions for either complete or differential reaction may be ex- 
pected to vary from protein to protein. We believe that the present work, 
although sufficient to establish the applicability of the isotope derivative 
method of protein amino end-group analysis, is not sufficiently exhaustive 
to permit definitive statemients concerning the total end-group composi- 
tion of the proteins considered. Further and more detailed work is being 
carried out on these and other proteins by a variety of methods and will be 
reported at a later date. 
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SUMMARY 


1. The free amino groups of proteins may be made to react with ['#. T 
labeled p-iodophenylsulfonyl chloride. The resulting amino end-group de- 
rivatives are resistant to conditions which hydrolyze the rest of the protein, 

2. With the aid of S*-labeled indicator derivatives and paper chroma- (F 
tography the derivatives of the terminal amino acids may be identified and 
quantitatively determined. 

3. By the isotope derivative method one glycine and one phenylalanine 
amino end-group are found per subunit of 12,000 in bovine insulin. 2 Ar 
terminal valine residues are found per molecule of horse hemoglobin, | “®; 
Rabbit muscle aldolase is found to contain two chains terminated at the featu 
amino ends by proline. as We 

4, The end-group identifications on insulin and hemoglobin are in quali- of th 
tative confirmation of the previously published identifications by the dini- | talliz 
trofluorobenzene method of Sanger. Quantitative discrepancies are not 
yet satisfactorily explained. 


Th 

The I'*! and S* used in this investigation were supplied by the Isotopes _—e 
Division, United States Atomic Energy Commission. | distil 
recry 
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THE AMINO ACID COMPOSITION OF PHOSPHORYLASE* 
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Amino acid analyses of two crystallized enzymes of rabbit skeletal mus- 
cle, aldolase and p-glyceraldehyde-3-phosphate dehydrogenase, revealed 
features which distinguished them from the structural proteins of muscle, 
as well as from each other (1), and focused attention on certain properties 
of the enzymes (2, 3). In this paper we present analyses of a third crys- 
tallized enzyme of rabbit muscle, phosphorylase. 


Methods 


The phosphorylase used for analysis consisted of enzyme preparations, 
recrystallized three to five times, that were exhaustively dialyzed against 
distilled water and dried. It has been shown previously that after a few 
recrystallizations phosphorylase reaches a constant specific activity, mi- 
grates electrophoretically with a single boundary, and appears homoge- 
neous in the ultracentrifuge (4, 5). Since the most rigorous criteria of 
purity have not yet been applied, the presence of small amounts of other 
proteins, probably less than 5 per cent, has not been excluded. 

Microbiological Methods—Microbiological assays were used to determine 
fifteen amino acids. Valine, leucine, isoleucine, and glutamic acid were 
determined with Lactobacillus arabinosus, and threonine with Lactobacillus 
fermenti (6). The remaining microbiological assays were performed with 
Leuconostoc mesenteroides (7). Medium D of Dunn and coworkers was 
employed at a final concentration of 1.5 times their basal level. A sum- 
mary of the assay conditions is presented in Table I. Growth response 
was measured by titration of the lactic acid produced, with a mixed in- 
dicator consisting of 2 volumes of 0.05 per cent phenol red in water and 1 
volume of 0.05 per cent methylene blue in 95 per cent ethanol. This 
indicator was superior to all of a large number tested. 

The assay curves contained points in duplicate at three or more con- 
centration levels. Such duplicates, when run simultaneously, showed ex- 
cellent agreement. The mean deviations reported in the analyses of a 


, given amino acid represent the deviations in the averages of single assay 


curves from the mean value of all assay curves of that amino acid run at 


*This work was supported in part by a grant from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council. 
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different times on the same or different hydrolysates. In so far as we can 
determine, the variations are those inherent in a biological method and 
arise chiefly from uncontrolled differences in the physiological state of the 
bacterial populations used for inoculation at different times. Owing to 
the presence of trace stimulators and inhibitors either initially present 
or produced during hydrolysis, control analyses on synthetic mixtures 
of amino acids or on proteins of known composition are useful but may 
be misleading. 


Isotopic Methods—Since analyses by independent methods were desired, | 








Tass I 
Biological Assay Conditions 
; : MI. 0.05 Nacid | 
Amino acid Copiguratin | Period of lassay range| Droucel pt 
amino acid 
days y per 4 ml. 
MINING Sec) cet nha chanics mem 3 10-40 0.27 
MINIS is 9S yh i ae ee DL 3 5-40 0.40 
OT AEE tee Once Orr re wer L 3 5-40 0.40 
RERITIONNAS ote wah na Fete ia ana eee DL 3 5-35 0.47 
EPI PEIEONES 5 sts es fe are secon ee s 5 1-14 1.20 
Coy oT ge eae Pa ear ee ee a eee. L 5 2-12 1.40 
DS oe Oe DL 5 5-20 0.27 
“LCL DT UOC. CL ea Pe es 2 10-30 0.33 
MOREA ENERO 5S auth ch wee ES ihe L 5 3-24 0.40 
MAPA 23530052 siecle said ocacases Aa Ose “ 5 10-70 0.22 
PANMINONIIO 9 root ce bceshiiattra noe eres cs 5 2-12 1.30 
ReAIO orescence weeny DL 3 6-30 0.27 
BARRIO AUN i's. cose Min cesses ene L 5 10-50 0.22 
RMITIURININO eis A isitiats Patines ee 5 20-60 0.27 
PHEN VIM ENING oh Ss.5 cv anseass. Bada * 5 3-24 0.62 

















we analyzed six amino acids by the isotope derivative, indicator method. 
The original method for aspartic and glutamic acids, serine, threonine, 
and hydroxyproline (8) was modified to include glycine and alanine (9). 
16.10 mg. of vacuum-dried phosphorylase were hydrolyzed for 18 hours 
at 110° in a sealed tube with 2.0 ml. of 6 N hydrochloric acid. The hy- 
drolysate was neutralized to pH 5 and diluted to 5.0 ml. An aliquot of 
the hydrolysate corresponding to 0.623 mg. of protein was converted to 
the T'!-labeled p-iodophenylsulfonyl derivatives and the products diluted 
to 50.0 ml. To an aliquot of the resulting solution, corresponding to 0.375 
mg. of protein, were added the S*-labeled p-iodophenylsulfonyl deriva- 
tives of aspartic and glutamic acids, serine, threonine, hydroxyproline, 
glycine, and alanine in amounts calculated to give convenient ratios of 
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sulfur to iodine radiation. The ten plate counter-current partition of the 
derivatives between chloroform and 0.2 m hydrochloric acid was divided 
as follows: Group I, both phases of Plates 1, 2, and 3 and the aqueous 
phase of Plate 4; Group II, the organic phase of Plate 4, both phases of 
Plates 5, 6, 7, and 8, and the aqueous phase of Plate 9. 

Chromatography of Group I, after washing out traces of radioactive 
glycine derivative, showed only the radioactive bands of aspartic and 
glutamic acids, serine, threonine, and hydroxyproline, all of which con- 
tained both S* and I", The fact that I'*! was found in the hydroxypro- 
line band indicated the possible presence of hydroxyproline in the protein, 
but the ratio S**:[)*! in the various parts of the band was not constant; 
thus additional work is necessary to establish the occurrence of this amino 
acid in the protein. 

Small aliquots of Group II gave six sharply separated bands, two of 
which were easily identified as those of the glycine and alanine derivatives. 
One of the bands in the chromatograms of this group did not correspond 
to any of the pipsyl derivatives known to us and is being subjected to 
further investigation. An abbreviated protocol containing data necessary 
for the calculation of the analyses is presented in Table II. A sample 
calculation of the per cent aspartic acid in the protein is appended to 
Table II. 

Microbiological Assay for Pyridoxine and Adenine—Analyses for the Be 
vitamins were carried out with Neurospora sitophila 299. Under assay 
conditions worked out by Tatum and coworkers (10) the method could be 
employed at levels of 0.005 to 0.06 y of pyridoxine. Pyridoxal, pyridox- 
amine, and pyridoxine are not distinguished by the method. Hydrol- 
ysates for this, as well as for the adenine analyses, were made with 0.1 N 
hydrochloric acid in 10 N formic acid (11). Pyridoxine levels calculated 
as per cent of dry weight of the protein in a dilution series of twice crys- 
tallized phosphorylase were as follows: 0.058, 0.051, 0.068, 0.050, 0.048, 
0.039, 0.068 (average 0.056). The average of a second series was 0.048 
per cent. The dried mycelia weighed in such a series ranged from about 
5 to 25 mg. A series of analyses on phosphorylase, crystallized four 
times, gave an average value of 0.018 per cent pyridoxine. 

Neurospora crassa 28610 was employed in the analyses for adenine. By 
working with small volumes and incubating for 4 days at 25°, assay curves 
were obtained which leveled off at an adenine concentration of 20 y per 
ml. The fact that the organism responds equally well to adenine and 
hypoxanthine was an advantage rather than a disadvantage, since a cer- 
tain amount of deamination of adenine may occur during hydrolysis. Anal- 
yses of p-glyceraldehyde-3-phosphate dehydrogenase by the same method 
had revealed 2 moles of adenine per mole of protein (3). Analyses of 
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phosphorylase were negative on 28 mg. of enzyme. Under the assay con- 
ditions employed, as little as 5 y of adenine could have been easily de- 
tected. The protein therefore contains less than 0.02 per cent adenine, 











Tas_e II 
Amino Acid Analyses of Phosphorylase by Isotope Derivative Indicator Method 
Counts per min. Counts per min. 1 standard, 
Antoota | Jee Ten | wasn | Gemaeen. | eee | Sy 
aust | Wikent | Oe’ | 0018 
C.p.m, 
Aspartic acid 1 661 1636 0.404 3792 104, 200 
2 682 1716 0.397 
3 477 1174 0.406 
‘Glutamic ‘‘ 1 1020 2653 0.384 3792 170,700 
2 1009 2604 0.387 
Serine 1 285 825 0.345 4530 109,900 
2 162 471 0.344 
Threonine 1 162.5 497 0.326 4150 142,300 
2 200 622 0.321 
3 142.3 429 0.330 
Glycine 1 730 1975 0.370 5170 162,400 
2 880 2371 0.371 
3 608 1659 0.366 
Alanine 1 350 920 0.380 5050 151,100 
2 535 1437 0.372 
3 512 1356 0.378 
4 202 598 0.369 























Sample calculation. The filter employed passed 0.479 of the I™ radiation and 
0.0004 of the S*® radiation. The ratio of the iodine to the sulfur radiation in the 
aspartic acid band is given by the relation 


[3st = 0.402 — 0.0004 


“2a oa 5.21 (see Velick and Udenfriend (9)). 


The amount of protein to which indicator was added was 0.375 mg. The per cent | 


aspartic acid in the protein is 104,200 X 5.21 X 0.001828/3792 X 0.133/0.375 X 
100 = 9.3, where the factor 0.133 is the number of mg. per micromole of aspartic 
acid. 


which corresponds to an upper limit of less than 0.5 mole of adenine per 
mole of protein. 

Comparison of Microbiological and Isotopic Analytical Methods—The an- 
alyses for glycine, threonine, and glutamic acid by the isotope derivative 
procedures (Table II) fall within the mean deviations of the biological 
assays (Table III). Evaluation of the steps in the isotopic procedures 
employed in this particular series of analyses led us to expect an absolute 
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error within +3 per cent. The disagreements in serine and aspartic acid 
analyses are serious. Analyses of glyceraldehyde phosphate dehydrogen- 
ase by the two methods show similar discrepancies, the bioassays of both 
of these amino acids appearing more than 20 per cent higher. 














Taste III 
Amino Acid Composition of Phosphorylase 
Gm. per Gm. N per 
Amino acid an a ho pene gn. Method 
Glycine. . 4.0 | 0.2 Microbiological 
ees 3.8 0.71 | Isotope 

Alanine 4.79 0.75 ee 

Valine. s Gueaelt Hea ee 0.1 0.87 | Microbiological 
Lt: Se nrreeerercta acs! 22. i: 0.3 1.12 ce 
TRAIHIONTIG e508 tet eee 6.5 0.3 0.69 “ 
MathiOnine . |. <.dscsecesceoree eee 0.2 0.25 ee 
eer se ee 0.06 “ 

JME rim terse | SL Colorimetric 
PVOHUOS:<.66cc00ne3 Cee eee 0.3 0.57 | Microbiological 
ROSINING).. 6c oie <6 Shan cake eo 0.6 3.73 “ 
HISHHMIO)).: 0.0% soled ies Pee 0.1 0.89 “ 
GIG is situs) cases eee 7.2 0.3 1.38 bi 
AGORUC AOIO 6:65.5.55 occ sca 11.6 

“ OG neck nae gee Tee 9.3 0.98 | Isotope 
QUANG: “ee eee 13.8 0.3 Microbiological 

-t +5), , Tee Retr ae 13.4 1.29 | Isotope 
Phenylalanine................ 6.2 0.5 0.53 | Microbiological 
IRUPORING ics saccree eee 5.9 0.2 0.46 | Colorimetric 
RV PLODNEI: 5...c/nssecesnenees 2.0 0.06 0.27 | Ultraviolet absorption 
LT epee a bak Or Cees ce 3.8 0.3 Microbiological 

BE” sip bie ae Senge aeaeeene tee 3.05 0.40 | Isotope 
PRPONING. 5.05 ccwlacaw eee 4.5 0.5 Microbiological 

< Jeeo TO ee ee nee 4,24 0.50 | Isotope 
AAD! IN 6 8030 dao eee re 1.2 1.2 Micro diffusion 
IN| FOCOVEEROG ssiesccer cee 16.65 
TOGAION <.....ce.citoe ees 16.5 




















Chemical Methods—Since the microbiological assay for cystine with L. 
mesenteroides had not been extensively explored, we also determined cys- 
tine by a spectrophotometric method (12) and obtained essentially the 
same result. Tyrosine was determined by Lugg’s method (13). The 
tryptophan-mercury complex was redissolved in acid and determined with- 
out color development by its absorption in the ultraviolet region. 

Total nitrogen was determined by a Kjeldahl procedure with 8 hours 
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digestion (14) and also on several hydrolysates by a micro nesslerization 
method. Amide nitrogen was obtained by 2 hours hydrolysis with 2 y 
hydrochloric acid, then distilled by micro diffusion, and titrated with the 
aid of a micrometer burette. 

Absorption Curves—Phosphorylase is crystallized in the presence of cys- 
teine. Enough cysteine is present in a batch of sedimented crystals to 
permit one more crystallization without further addition of cysteine. A 
crop of crystals so obtained was centrifuged within a few hours after crys- 
tallization to avoid contamination by insoluble cystine which is slowly 
formed from cysteine by oxidation. The crystals were washed with cold 
0.01 m potassium chloride and dissolved in 0.1 m bicarbonate buffer at pH 
8. The protein concentration was determined by analysis for nitrogen by 
the Kjeldahl procedure. Suitable dilutions were then measured in the 
ultraviolet spectrophotometer at 5 muy intervals. 


Results 


The amino acid composition of phosphorylase is summarized in Table 
III. A slightly high recovery of total nitrogen is observed. In com- 
parison with the isotope derivative method, our microbiological assays 
tend toward high results. The observed discrepancy in total nitrogen is 
not significant, but in view of the possibility of cumulative error it cannot 
be claimed that the presence of unidentified nitrogenous components is 
excluded. 

Comparison with Other Muscle Proteins—Characteristic individual dif- 
ferences occur in the amino acid composition of the three crystalline mus- 
cle enzymes analyzed. The dehydrogenase has a high valine content and 
an unusually low content of glutamic acid. It contains two peptide 
chains terminated at the amino ends ‘by valine.!. Phosphorylase is char- 
acterized by its high content of arginine and an extremely low level of 
cystine. Aldolase (1) shows definite differences in composition from the 
other two enzymes and in addition contains two peptide chains terminated 
at the amino end by proline (15). That these differences in the whole 


proteins are related to the enzyme activity is suggested by the fact that | 
the p-glyceraldehyde-3-phosphate dehydrogenases crystallized from such | 


diverse sources as yeast and rabbit muscle show the same characteristic 
features of composition.!. The low cystine level of phosphorylase is of 
some interest in view of the great dependence of phosphorylase solubility 
upon the presence of reducing substances such as cysteine in the solvent. 
The reported tendency of arginine to be adsorbed on starch (16) suggests 
that the arginine of phosphorylase may be associated with its affinity for 
polysaccharide substrates. 


1§. F. Velick and S. Udenfriend, unpublished work. 
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In spite of the differences among the enzymes, they show a much higher 
correlation among themselves than they do individually or as a group with 
the proteins of the myosin fraction. They contain 2 to 4 times as much 
valine, 3 to 5 times as much histidine, one-fifth to one-half as much 
glutamic acid, 10 times as much glycine, and 3 to 4 times as much 
proline as does tropomyosin (17) which in many respects is typical of the 
“structural” proteins. 

Net Charge and Isoelectric Point—From its content of free groups capa- 
ble of protolytic dissociation the isoelectric point of phosphorylase should 
be around pH 10 (see Table IV), whereas in phosphate buffers of ionic 
strength 0.1 the isoelectric point is below pH 6. A similar discrepancy 






































TaBLe IV 
Net Charge of Phosphorylase Calculated from Amino Acid Composition and Assumed 
pK Values 
Carboxyl | Phenol | Imidazole pw el e-Amino 
Residues per molecule 
= 307 130 | 84 324 197 Net 
pK 3.5 pK 10.0 | pK 6 pK 11 pK 10 
Charge per molecule (mol. wt. 400,000) 
5.0 —298 —0 +75 +324 +197 +298 
6.0 —306 —0 +42 +324 +197 +257 
7.0 —307 —0 +9 +324 +197 +223 
8.0 —307 —1 +1 +324 +195 +212 
9.0 —307 —14 +0 +321 +179 +179 
10.0 —307 —65 +0 +294 +99 —21 

















in the case of aldolase (2) and p-glyceraldehyde-3-phosphate dehydro- 
genase (18) has been shown to be due to the binding of phosphate ions by 
the proteins. That phosphorylase has similar properties might have been 
surmised from the fact that orthophosphate and glucose-1-phosphate ions 
serve as substrates. The above enzymes are all cations at physiological 
pH, but owing to their anion affinities they form negatively charged ki- 
netic units with available anions, particularly phosphate ions or ions of 
phosphate esters. In contrast, the structural proteins of muscle, due to 
their excess of free carboxyl groups, are anions at physiological pH. The 
contrast in type of charge between the enzymes and the structural pro- 
teins would be expected to result in interactions between these two types 
of protein in the muscle cell. 

Prosthetic Group—The réle of adenylic acid in the activation of phos- 
phorylase a and b would lead one to suspect that phosphorylase a contains 
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firmly bound adenylic acid, but it has not yet been possible to find experi- 
mental support for this assumption (19). Attempts to detect adenine by 
microbiological assay in the exhaustively dialyzed protein led to negative 
results both with N. crassa, as described in the experimental section, and 
by a new and more sensitive method in which an adenineless mutant of 
Escherichia coli was employed. 

Samples of phosphorylase prepared in this laboratory had previously 
been tested microbiologically for most of the water-soluble vitamins, which 
were found to be present in negligible amounts (20, 21). However, mem- 

















240 260 280 300 320 
WAVELENGTH , mu 
Fie. 1. Absorption spectrum of phosphorylase, 0.97 mg. per ml., at pH 8; cal- 
culated from amino acid composition (@), observed (O). 


bers of the pyridoxine group had not been looked for. The twice recrys- 
tallized enzyme was found to contain a little more than 1 mole of 
pyridoxine per mole of protein. Analyses of a preparation, recrystallized 
four times, revealed only 0.5 mole of pyridoxine per mole of protein. Dr. 
W. W. Umbreit was kind enough to assay a sample of the enzyme for 
pyridoxal phosphate in the tyrosine decarboxylase test system and found 
that about 10 per cent of the observed pyridoxine could be accounted for 
as pyridoxal phosphate. Although the Bs vitamins cling to the protein 
more tenaciously than do others, there is no reason to believe that they 
constitute part of a prosthetic group, since they can be removed by re- 
crystallization under conditions in which the enzyme does not lose activity. 
Phosphorylase b was not activated by pyridoxal phosphate, 
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In confirmation of previous work the protein contains phosphorus. The 
exhaustively dialyzed phosphorylase a contains 0.027 per cent P, corre- 
sponding to the 0.026 per cent P previously reported in phosphorylase b 
(19). A value of 0.08 per cent P had been reported for the washed but 
undialyzed phosphorylase a. 0.027 per cent P is equivalent to about 3 
moles of P per mole of protein (mol. wt. 400,000). 

The absorption spectra of phosphorylase at pH 8 and in 0.1 N sodium 
hydroxide are shown in Figs. 1 and 2, respectively, together with theo- 
retical curves calculated from the content of aromatic amino acids and 
known extinction coefficients. The ultraviolet absorption of most proteins 

















“wae on 
WAVELENGTH , mu 

Fic. 2. Absorption spectrum of phosphorylase, 0.97 mg. per ml., in 0.1 N sod'um 
hydroxide; calculated from amino acid composition (@), observed (O). 


260 


in the region 250 to 310 muy is determined largely by tyrosine and tyrpto- 
phan, with deviations that are believed to be due to alteration of group 
extinction coefficients by the intramolecular environment. A rather large 
deviation in the case of p-glyceraldehyde-3-phosphate dehydrogenase led 
to a search for nucleotides which resulted in the demonstration of 2 mol- 
ecules of firmly bound diphosphopyridine nucleotide per mole of protein 
(3). 

At pH 8 the absorption maximum of phosphorylase is, as in the case of 
most proteins, at 280 my, which is a slightly longer wave-length than the 
calculated value (275 my) and is in the opposite direction from the shift 
that would be caused by the presence of purines and pyrimidines. The 
extinction coefficient is slightly higher than the calculated value, but the 
difference is not necessarily significant. Moreover, the ratio of optical 
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densities at 260 and 280 my is approximately normal. In 0.1 N sodium 
hydroxide the maximum is shifted to 290 my owing to ionization of the i, 
phenolic group of tyrosine, and the extinction coefficient is identical with 2. 
the calculated value. The extinction coefficients of phosphorylase rise 3. 
rapidly at wave-lengths shorter than 280 my, but this effect appears not 4 
to be specific. 5. 
It is of interest, however, that at pH 8 phosphorylase shows a small } 6. 
peak at 320 my which in a more alkaline solution shifts to 390 my. Per- | 
haps correlated with these unexplained peaks is the fact that phospho- 7. 
rylase, excited by the 365 my band of a mercury arc, shows a strong blue P 
fluorescence with a maximum around 415 my. The fluorescence is not 9. 
destroyed by hydrolysis. Investigation of these properties is continuing, 10. 
SUMMARY 11. 
1. Amino acid analyses of crystallized phosphorylase from rabbit mus- - 
cle by microbiological, isotope derivative, and spectrophotometric methods 14. 
are presented and compared. 15. 
2. The amino acid distribution differs in characteristic ways from those 16. 
of other rabbit muscle enzymes analyzed, but the enzymes show a much 17. 
greater mutual correlation than they do singly or as a group with proteins - 
of the myosin fraction. 19. 
3. From its content of free groups capable of protolytic dissociation 20. 
phosphorylase should be a cation at physiological pH, but in phosphate 
buffers in this pH region it exhibits a relatively large net negative charge 21. 
on electrophoresis. This behavior is also exhibited by aldolase and p- 





glyceraldehyde-3-phosphate dehydrogenase and it has been shown in the 
case of the latter enzymes that the effect is due to the binding of phos- 
phate ions. 
4. No adenine could be detected in partial hydrolysates of dialyzed | 
phosphorylase a. 
5. Small amounts of the vitamin Bs group cling to phosphorylase re- | 
crystallized many times, but this material is not believed to be associated | 
with the prosthetic group. 
6. Observed and theoretical absorption spectra of the protein are pre- | 
sented and discussed. Unexplained peaks occur in the near ultraviolet | 
region. 
7. Phosphorylase contains unidentified fluorescent material and an un- | 
identified substance, the amino group of which reacts with p-iodophenyl- | 
sulfonyl chloride. 


The I" and S** used in this work were supplied by the Isotopes Divi- 
sion, United States Atomic Energy Commission. 
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PAPER CHROMATOGRAPHY OF SOME LOWER PEPTIDES 


By C. A. KNIGHT 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, October 25, 1950) 


Peptides may be considered the larger building blocks of proteins and 
as such are of interest in studies on the structure of proteins. In addition, 
numerous free peptides of biological importance have been observed (1). 
It has been possible to separate from mixtures and to identify some of 
these compounds by using partition chromatography as one step in the 
procedure (2). In this respect, it is helpful to know something of the 
behavior of standard peptides such as is provided by their Ry values. 
Moreover, such information, taken with other data, may provide the 
basis for predicting what Ry value a given peptide will have (3). 

In connection with some investigations on the peptides obtained from 
plant viruses, a collection of the original peptides of Emil Fischer was 
kindly made available to us by Professor H. O. L. Fischer. The Rr values 
obtained for these compounds in two solvent mixtures are given in the 
present report. 


Methods 


The peptides examined were dissolved in water at a concentration of 
5 mg. per ml. Most of them dissolved readily, but a few required the 
addition of a drop of ammonium hydroxide. For chromatography, 10 y 
of each peptide were applied near the top of a large sheet of Whatman No. 
1 filter paper. Descending chromatography was employed in the con- 
ventional manner. The phenol-water mixture was composed of 80 parts 
by weight of Baker’s ¢.p. grade phenol and 20 parts of water (4). A few 
crystals of potassium cyanide were placed in the tray of solvent in the 
bottom of the chromatography box. The pyridine-isoamyl alcohol mix- 
ture was that described by Edman (5). The chromatography with both 
mixtures was run at room temperature (about 25°) for approximately 15 
hours, after which the papers were dried in an oven at about 90°. The 
spots were developed by spraying the papers with 0.1 per cent ninhydrin 
solution in butanol-acetic acid (6), followed by heating in an oven at 90° 
for about 10 minutes. Rr values were calculated in the usual manner and 
are listed in Table I. 

The methods of preparation and analyses of most of the peptides used 
in the present investigation are given in one or the other of two volumes 

753 





J 
or 
ws 


PAPER CHROMATOGRAPHY OF LOWER PEPTIDES 





























of | 
TaBLeE I eac 
Rr Values* of Some Peptides on Whatman No. 1 Paper at 25° sub 
Pyridine- inst 
Peptide —< izoamyl With ninhydrin alsc 
| spo 
u-Leucylhexaglycylglycine..................... | 0.17 Purple coil 
Glycyl-t-aspartic acid.....................046. | 0.09 0.04 Yellow 
pu-Asparagylglycine§. .. suinlsanetnuid song, MOS 0.04 Pink 
Glycyl-pL- asparagyldielyein| gtr: eee 0.15 0.04 Yellow 
L-Seryl--serine......... Sere eee ee, 0.11 ie = 
L-Leucyl-L- ~eapartic eetd.. Sera meer tee |) Yi 0.11 Purple 
L-Leucylglycyl-L-aspartic acid. esr tetite Ne 0.46 0.10 : — 
L-Leucy]-t-glutamic acid...................... 0.48 0.12 i = 
FUGA 7 CO Bll ce Ree es nr Oca oP Reg ma 0.48 0.08 Yellow att 
TOOT PPPOE TE ere 0.55 0.27 i i 
LETS) LGTY 0.57 0.07 i : pr 
Glycyl-u-tyrosylglycine......................5. 0.57 0.26 i | 
Try hs ACE] 0) 7 00 1 a 0.58 0.12 Purple Gly. 
p-Alanylglycylglycine.........................| 0.68 0.11 % ms 
t-Alanyl-L-alanine.......... SO Eee Ee 0.66 0.15 fe oe! 
NE io 5s kp cas Psa Stn de 6 coed SORGD 0.34 Ms = 
ee 0.70 0.34 Yellow LT 
Glycyl-t-leucine. . : nutes coe mee 0.29 : — 
Glycyl-.- asparaginy!- L- leucine. . SRS, 0.73 0.19 ; L-H 
pu-Alanyl-pL-leucine............ eo ar 0.76 0.34 Purple wat 
eee ee 0.31 nl 
Phenylglycyl-pi-alanine......... ); 0.80 0.32 “i nd 
Glycyl-t-alanylglycyl-L-tyrosine. . . vewecf TOeel 0.26 Yellow =? 
Triglycylglycine amide............ Soc "Ore2 0.15 ss oes] 
pui-Leucyl-pi-alanine.......... tlhe BY PERSE 0.37 Purple pie] 
Leucylalanylglycine]. . rorarsn Bence ol PR OROO 0.28 -P) 
L-Leucyl-p-leucine . Le ee Oe | 0.87 0.54 re ; B 
pu-Leucylglycyl-pL- alanine Rene Suse, KOLO 0.29 = F * 
pu-Leucyldiglycylglycine. .... Ane eiaect eel, AOCOO 0.24 ee Indi 
ee) 0.94 0.34 a 
t-Alanyldiglycyl-t-alanylglycylglycine.........| 0.94 0.09 ss > met 
i-Leucyl-L-histidine.................. hi eee OMORSS 0.31 4 ss stal 
L-Leucylglycyl-t-leucine............ ais 0.96 0.51 | gr f T 
i-Proly)-p-phenylalanine:........... 6... 6c.66ss use | 0597 0.39 | Yellow Tal 








* These values represent the averages of duplicate or triplicate determinations. 
Individual values differed from the averages by about +0.015 Ry units. 7 

+ See the text. 

t Initial colors after spraying the chromatograms with ninhydrin and heating. 

§ It is not known whether this is «- or 8-aspartylglycine. 


|| Glycyl-a, 8-pL-aspartyldiglycine. 1 
q Configuration of the optical centers not known. resi 
phe 
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of the collected works of Emil Fischer (7). In addition, the identity of 
each of several randomly chosen peptides was checked by hydrolysis and 
subsequent paper chromatography of the resulting products. In each 
instance, only the expected constituent amino acids were found. It should 
also be noted that, in the chromatography of the peptides, only a single 
spot was observed for each, except in three cases in which a faint spot 
coinciding with one of the constituent amino acids was seen. This com- 


TasB_e II 
Rr Values* of Some Common Amino Acids on Whatman No. 1 Paper at 25° 








Amino acid | Phenol-water ae ae 
PAS PALtiO AGIO seks en. HOE eee ee 0.13 0.07 
TO VAUING wih s sheue ie halt Ut ia tae ae re 0.22 0.03 
t-Glutamic acid tT ee 0.29 0.07 
DEON STE oo. 5 ie ok ces eo 0.31 0.12 
DSRAPATAGINO s. 1. .5 cate eee Coun 0.37 0.10 
GIVCNNGs 3 20:3 ass acne Cea ata ase ata tenes 0.40 0.11 
THLVSING sh... eek Re eee 0.46 0.07 
Die PETOON ING 554 x ohne ct ane eee 0.49 0.16 
TRISH 5. cus edi ane eee eee 0.54 0.09 
PPE VIORING.». 55 5.:2i.0 Pectin eee eee 0.58 0.36 
DUPAGE: << clack Seren ete eee 0.59 0.17 
PeHIStiGINe.«..ccccs: Re OS Re Rk 0.66 0.14 
Die PTV PtOphaly.(. 225 cea seek ae ee re 0.75 0.40 
1) EL Les Reo RO On, PM Moreen AST cer 0.79 0.27 
Die Methionines: s)he ee 0.79 0.30 
Te PUCINO? sos he hoe ren 0.82 0.37 
DESOIGUCING i an we ne eee 0.83 0.36 
Di-E HOU YIALGMINO! sighs ce ae eins erence nec ea 0.84 0.39 
EE PONG scissor re Oe ae 0.88 0.19 











* These values represent the averages of duplicate or triplicate determinations. 
Individual values differed from the averages by about +0.015 Rr units. 


mends the quality of the original preparations and speaks well for their 
stability during storage up to periods of half a century. 

The Ry values obtained with some common amino acids are given in 
Table II for comparison with those of the peptides examined. 


The author was assisted in this work by Mr. George Nakamura. 


DISCUSSION 


The peptides listed in Table I contain from two to eight amino acid 
residues. An appreciably greater spread of these was obtained with the 
phenol-water mixture than with the pyridine-isoamyl alcohol solvent. 
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Since the order of movement of the different peptides in the two solvent 
mixtures did not in general coincide, it is apparent that some of the pep- CA] 
tides not cleanly separable in one solvent mixture could be separated by 
two-dimensional chromatography by employing both mixtures. The con- 
siderable differences between Ry values of triglycylglycine (tetraglycine) 
and triglycylglycine amide strikingly illustrate the influence of substituents 
which change the polarity of the molecule. 








Consden and coworkers found that peptides in which glycine carries a | K 
free amino group give, on heating with ninhydrin, first a yellow color, thir 
then gray, and finally purple (2). Essentially the same result was observed that 
here with an almost completely different set of glycine peptides. pept 

Although the conditions employed were somewhat different from those tain 
of other investigators, the Ry values obtained for common amino acids for 
follow essentially the same order as those previously reported for similar acid 
solvent mixtures (5, 8). of st 

SUMMARY 

Ry values in phenol-water and in pyridine-isoamyl] alcohol were deter- C. 

mined for some common amino acids and for thirty-four lower peptides. Rp « 
and 
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CALCULATIONS ON PAPER CHROMATOGRAPHY OF PEPTIDES 


By ARTHUR B. PARDEE 


(From the Virus Laboratory, University of California, Berkeley, California) 
(Received for publication, October 25, 1950) 


Knight has recently studied the movement of nineteen amino acids and 
thirty-four peptides on paper chromatograms (1). It seemed possible 
that from these data a general method of calculating the movement of a 
peptide relative to the movement of the solvent front (Ry) could be ob- 
tained. Such calculations have been attempted in a simple, straight- 
forward manner without utilizing any special factors for particular amino 
acids. The results are presented herewith, together with a discussion 
of some of the limitations of the method. 


Theory 


Calculations are based on the theory developed by Martin (2, 3) that 
Ry depends upon the partition coefficient a of the solute between water 
and solvent and the ratio of the volumes of solvent and water phases in 
the chromatogram, A,/Ag, according to the relation 


a = A;/Ag ((1/Rr) — 1) 

The work, AF°, required to move 1 mole of solute from the water phase 
to the solvent phase, under standard conditions, assuming ideal solu- 
tions, 1s 

AF° = RT Ina = RT In At/As (1/Rr — 1) 

It is further assumed (3) that AF° can be divided into the work required 
to transfer separate parts of the solute molecules. Thus the total work, 
AF°,, for a peptide containing n amino acid residues is divided into the 
work required to transfer n residues, ZAF°gp; n — 1 peptide bonds, (n — 1) 
AF°conn; and the terminal amino and carboxyl groups AF°pcgo- + 
AF °PNH; +: 

AF*, = RT In At/Ag (1/Re — 1)p = 
(n — 1) AF°conn + AF °pcoo- + AF °pynst + ZAF°xp 

Similarly, the work required to transfer n free amino acids which make 
up the peptide is 

AF°,, = ZRT In A,/Ag (1/Rr —1)a = NAF °aacoo- + NAF °sanmt + ZAF°paa 
where the subscript AA means that the quantity refers to an amino acid. 
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The AF°® terms for amino and carboxy] groups of amino acids are assumed 
to be different from those of peptides because the dissociation constants 
and spatial separations are different (4). 

If it is assumed that AF°pp = AF°paa, one can obtain, combining con- 
stant terms, 


were 
aver 
A se 


RT In (1/Rp — 1)p = (n — 1)A + B + ERT In (1/Rp — 1)aa (1) 


where A is a constant which includes the AF° of the amino, carboxyl, and 
CONH groups, and the terms in A,/Ag, and B is a correction term for the 
difference between the terminal amino and carboxyl groups of a peptide 
and the corresponding amino acids. 


Results 


According to Equation 1, a plot of RT In (1/Rr — l)p — XRT 
In (1/Rr — 1),a against the number of peptide bonds should yield a straight 
line of slope A and intercept B. Such a plot, with the Ry values of Knight 
(1) for amino acids and peptides, is shown in Fig. 1. The average devia- | 
tion of the points from the straight lines is +170 calories. These devia- 
tions are presumably due to interactions of amino acids, which were not 
taken into account in the derivation of Equation 1, and also are due to un- 
certainties in the experimental Rr values. The change in AF® due to an 
error in Rr is large when Rr is very large or very small, and is a minimum 
at Rr = 0.50; for example, for Rr equal to 0.95 and 0.50, an error of 0.02 
causes a change in AF°® of 250 and 50 calories, respectively. It is difficult 
to evaluate the validity of the theory from Fig. 1, for the reason just given. 
On the other hand, a comparison of experimental Ry values and those cal- | 
culated from Equation 1 comprises a pertinent and useful test of validity, | 
especially since Ry is the quantity of interest. 

The constants A and B were determined by a series of approximations, | 
Fig. 1 being used for a preliminary estimate, so that the deviation between 
experimental and calculated Rr values was a minimum. With the sys- 
tem phenol-water (HCN), A = —460 calories per mole and B = +460 
calories per mole. With the system pyridine-isoamyl alcohol, A = —1200 
calories per mole and B = +300 calories per mole. By using these values, | ‘ 
Ry was calculated for each peptide from Equation 1. The experimental | ime 
and the calculated Rr values and their differences are given in Table 1 | any 
The average deviations in Rr for the two solvent systems were +0.05 | experi 
and +0.04, and the standard deviations were 0.06 and 0.05, respectively. 











For further comparisons, the values of Rr were obtained from the work peo 
of Consden et al. (5-8). One series contained twenty-four dipeptides, | “°° 
three tripeptides, and one tetrapeptide run in phenol-water (0.3 per cent my 
ammonia) in an atmosphere of coal gas. The values of the constants 0 ‘ 
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were A = —460 calories per mole and B = +120 calories per mole. The 
average deviation of Rr was +0.08 and the standard deviation was 0.10. 
A second series contained twenty-nine dipeptides, five tripeptides, and 
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NO. PEPTIDE BONDS 
Fig. 1. Plot of RT In (1/Rp — 1)p — ERT In (1/Rpe — 1)aa versus the number of 
peptide bonds. @, peptides in phenol-water (HCN); O, peptides in pyridine-iso- 
amyl alcohol. The straight lines were chosen to make the differences between 
experimental and calculated Rp values as small as possible. 


one tetrapeptide, run in s-collidine-water. 
were A = 


The values of the constants 
—830 calories per mole and B = +210 calories per mole. The 
average deviation of Rr was +0.07 and the standard deviation was 0.09. 
The difference between experimental and calculated Ry was greater than 
0.15 in nine of the 63 cases. The largest difference was 0.24. 
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TaBLe I 
Observed and Calculated Rr Values of Some Peptides on Whatman No. 1 Paper at 25° 





Phenol-water (HCN) 


Pyridine-isoamyl alcohol 








Peptide 32 ; : 

8) mental| ‘ated | 4 |mentai| ated | 4 
L-Leucylhexaglycylglycine............ 8 0.17 | 0.18 |—0.01 
Glycyl-u-aspartic acid................ 2} 0.09 | 0.09 | 0.00 | 0.04 | 0.04] 0.00 
pu-Asparagylglycine.................. 2) 0.14] 0.09} 0.05 | 0.04 | 0.04 | 0.00 
Glycyl-pL-asparagyldiglycine......... 4|0.15 | 0.17 |—0.02 | 0.04 | 0.04 0.00 
TOL HISTBOLING «6.6.55 sisi da sod ds aisicietelae 2 | 0.25 | 0.17} 0.08} 0.11 | 0.08 | 0.03 
L-Leucyl-L-aspartic acid.............. 2 | 0.37 | 0.40 |—0.03 | 0.11 | 0.17 |—0.06 
L-Leucylglycyl-L-aspartic acid........ 3 | 0.46 | 0.50 |—0.04 | 0.10 | 0.16 |—0.06 
L-Leucyl-u-glutamic acid............. 2 | 0.48 | 0.65 |—0.17 | 0.12 | 0.17 |-0.05 
PUR INEOING oo ho crtstcsie ha a cuareh ope oe 3 | 0.48 | 0.89 | 0.09 | 0.08 | 0.07 | 0.01 
GIG VISTAVTORING «6. 0.0..05544 oc oeitiess dae 2) 0.55 | 0.48 | 0.07 | 0.27 | 0.24 | 0.03 
JO) 2 1) 1 grec Oe ee ES" 4 | 0.57 | 0.48 | 0.09 | 0.07 | 0.06} 0.01 | 
Glycyl-u-tyrosylglycine............... 3 | 0.57 | 0.57 | 0.00 | 0.26 | 0.23} 0.03 | 
DE-AIANGIPIVOMIO, 2 oo cies es cas sistas olen 21 0.58 | 0.49 | 0.09 | 0.12 | 0.10] 0.02 
p-Alanylglycylglycine................ 3 | 0.63 | 0.58} 0.05] 0.11 | 0.10] 0.01 
PAlanyl-p-alanine:... «6... si esis 2 | 0.66 | 0.67 |—0.01 | 0.15 | 0.16 |-0.01 
MRUGVROCYSIANO: ossisiaus isseisnuddnsse.s coe ees 2/ 0.69 | 0.56 | 0.13 |} 0.34*| 0.08 | 0.26 
Glycyl-u-tryptophan................. 2 | 0.70 | 0.67 | 0.03 | 0.34 | 0.27} 0.07 
Glycyi-T leucine... 6... 5 2s isa ecee 2 | 0.72 | 0.75 |—0.03 | 0.29 | 0.25 | 0.4 
Glycyl-L-asparaginyl-u-leucine........ 3 | 0.73 | 0.80 |—0.07 | 0.19 | 0.22 |—0.03 
pu-Alanyl-pu-leucine................. 2 | 0.76 | 0.87 |—0.11 | 0.34 | 0.36 |—0.02 
DU-WCUCVARNYVCING 4. «06.35% ie cbe si cde 2] 0.78} 0.75} 0.03 | 0.31 | 0.25] 0.06 
Glycyl-t-alanylglycyl-u-tyrosine...... 4 | 0.81 | 0.84 |—0.03 | 0.26 | 0.32 |—0.06 
Triglycylglycine amidef.............. 4] 0.82 | 0.79 | 0.03 | 0.15 | 0.08 | 0.07 
pu-Leucyl-pi-alanine................. 2 | 0.82 | 0.87 |—0.05 | 0.37 | 0.36} 0.01 
Leucylalanylglycine.................. 3 | 0.86 | 0.90 |—0.04 | 0.28 | 0.34 |—0.06 
L-Leucyl-p-leucine................... 2 | 0.87 | 0.95 |—0.08 | 0.54 | 0.61 |—0.07 
pui-Leucylglycyl-pu-alanine........... 3 | 0.87 | 0.90 |—0.03 | 0.29 | 0.34 |—0.06 | 
pu-Leucyldiglycylglycine............. 4} 0.90 | 0.86 | 0.04 | 0.24 | 0.22 | 0.02 
Leucylalanylalanine.................. 3 | 0.94 | 0.95 |—0.01 | 0.34 | 0.46 |-0.12 
t-Alanyldiglycyl-.-alanylglycyl- 

CU EE CO ee Pe aE RSET 6 | 0.94 | 0.90 | 0.04 | 0.09 | 0.13 |—0.04 
t-Leucyl]-t-histidine.................. 2 | 0.95 | 0.90 | 0.05 | 0.31 | 0.30 | 0.01 
L-Leucylglycyl-u-leucine.............. 3 | 0.96 | 0.97 |—0.01 | 0.51 | 0.60 |—0.08 
L-Prolyl-t-phenylalanine............. 2 | 0.97 | 0.97 | 0.00 | 0.39 | 0.45 |—0.06 | 





























* Leucylcystine gave two spots in this solvent system. Since there is a question | 
as to the experimental value, this result is not included in the calculations. 
+ In calculating the Rr of this compound, it was assumed that the free energy 
change due to the amide group was the same as the difference between aspartit 


acid and asparagine, 
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DISCUSSION 


In order to evaluate these results, some idea of the reproducibility of 
the Ry values is necessary. The Rr values obtained by Knight (1) were 
the averages of duplicate or triplicate determinations which generally lay 
within a range of 0.03. In a paper dealing with the effect of variations 
in structure on Rp values, Bate-Smith and Westall considered an experi- 
mental check of 0.02 excellent, and 0.04 the usual deviation of duplicate 
determinations (9). Consden et al. (5) state that the Rr values of the 
two compounds should differ by 10 per cent for separation to be possible. 

By these criteria, according to the data of Knight, the agreement be- 
tween calculated and experimental Ry values was quite good. Only four 
of the 64 calculated Rr values differed by more than 0.09 from the ex- 
perimental values. 

The correlation was not as good in the case of calculations from the 
data of Consden et al. This might be due to changes in conditions during 
the 5 years that elapsed between publication of the first and the last of 
this series of papers, for the Rr values of peptides are very sensitive to 
slight changes in conditions (6). For example, the experiments in phenol- 
water with peptides were performed in an atmosphere of coal gas and 
those with amino acids were not. Early experiments were performed with 
Whatman No. 1 paper, while Whatman No. 4 was used later. 

The constants A and B made up a large part of the total AF°, which lay 
in the range +1000 calories per mole in general. This means that the 
effect on the partition coefficient of converting amino and carboxy! groups 
to peptide bonds, far from being a minor effect, is of the same magnitude 
as the effect on which one depends to distinguish between peptides, and 
this puts a limitation on the accuracy of the calculations. It is of interest 
that the observed and calculated Rp of the tetra-, hexa-, and octapeptides 
agreed very well, without the use of further constants, and in spite of. the 
large constant (n — 1)A. 

It is unfortunate from the standpoint of this study that the available 
peptides were so largely composed of leucine and glycine residues. Cal- 
culations from the Rr values published by Consden et al. indicate that 
peptides containing acidic or basic residues do not show greater deviations 
between experimental and calculated Rr values than do those containing 
aliphatic residues, although peptides containing aromatic groups pos- 
sibly do. 

The calculations described can be used to calculate Rp values of peptides 
to decide whether they can be separated in a given solvent system. The 
calculated Rp values can be used to check experimental determinations. 
It should be possible to determine the molecular weight of a peptide of 
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known amino acid composition from the observed Rr, if the effect of the 
residues, ZAF°gp, is small. For example, in phenol-water (HCN) the 
calculated Rr of glycylalanine is 0.49, while that of glycylalanylglycyl- 
alanine is 0.80 and that of glycylalanylglycylalanylglycylalanine is 0.95, 


The author wishes to thank Dr. C. A. Knight for providing data prior | 


to publication and for his interest in the problem. 


SUMMARY 


A relation between the Rr values on paper chromatograms of peptides 


and the amino acids of which they are composed has been tested. From | 


the Ry values of the amino acids and two general, experimentally deter- 


mined constants, the Rr value of any desired peptide can be calculated | 


with an average accuracy of about +0.05. 


Addendum—The data of Cook and Levy (10) were used to calculate Rp values of 


forty-two peptides and methyl esters of peptides in butanol-acetic acid. The con. | 


stants A and B were —1096 calories and +30 calories, respectively, and the average 
deviation between observed and calculated values was +0.04. 
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A REACTION BETWEEN HEMIN AND BISULFITE 


By J. B. NEILANDS* 


From the Biochemical Department, Medical Nobel Institute, Stockholm, 
Sweden) 


(Received for publication, October 31, 1950) 


In testing the influence of sodium bisulfite on the spectrum of a hemin 
concentrate from the insoluble residue of heart muscle, a reaction was ob- 
served between this salt and the hemin preparation. The following report 
describes this reaction between sodium bisulfite and crystalline protohemin. 
One of the products has been found to be a water-soluble, sulfonated por- 
phyrin. 

EXPERIMENTAL 


Conditions for Hemin-Bisulfite Reaction—A dilute solution of protohemin 
in butanol was shaken with a neutral, aqueous solution of sodium bisulfite. 
A reddish brown color was imparted to the salt phase. The hemin could 
also be dissolved in other solvents such as n-pentanol, n-hexanol, or 0.15 
w phosphate buffer, pH 7.0. A similar type of reaction was not obtained 
with the hemin in pyridine solution. 

Proto-, hemato-, deutero-, and pheophorbide a hemins all reacted with 
bisulfite. Meso- and pyrrohemins were negative, as were also protopor- 
phyrin, uroporphyrin, and a crude chlorophyl preparation. 

Maximum reaction was obtained when the pH of the bisulfite solution 
was adjusted to 7.0. Very little reaction was obtained below pH 6.0 or 
above 8.0. Sodium bisulfate, sulfate, thiosulfate, and hydrosulfite were 
inactive. A neutral solution of bisulfite prepared from sulfur dioxide gas 
and aqueous sodium hydroxide was as reactive as solid sodium bisulfite. 
Bisulfite in 1 per cent solution was ineffective; maximum reaction was ob- 
tained with 5 to 7 per cent solutions. No reaction was obtained under 
anaerobic conditions. 

Nature of Products 


A solution containing 200 mg. of recrystallized protohemin (1) dissolved 
in 2 liters of butanol was shaken mechanically with 2 liters of aqueous 5 
per cent sodium bisulfite, pH 7.0. The reaction time was 20 minutes; the 
stopper of the flask was removed from time to time to admit air. The 
brown salt phase was drawn off and replaced with 2 liters of fresh bisulfite 
solution and the extraction repeated. 

The combined salt extracts were placed in a tall vessel and 3 volumes of 
acetone were added. An insoluble, red liquid precipitated and the color- 


* National Research Council Fellow in the Medical Sciences. 
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less acetone-salt. phase was discarded by decantation. The red liquid was 
concentrated under reduced pressure to less than 500 ml. and the salt that 
crystallized out was filtered on a Biichner funnel. The solution was then 
diluted to 2 liters and the remaining salt removed by passage through 
tandem ion exchange columns containing Amberlite 1R-100H and 1R-4B. 
The effluent from the anion exchanger was concentrated under reduced 
pressure to about 60 ml. and was about pH 3. This solution was red at 
acid and yellow at alkaline pH. 

A glass tube, 5 X 60 cm., was packed with a 2:1 mixture of fullers’ 
earth-Super-Cel. The column was washed with water and the concen- 
trated solution introduced. When the chromatogram was developed with 
0.07 m phosphate buffer at pH 6.0, the material moved down the column 
and separated into zones containing all the colors of the spectrum. The 
main, red zone in the central portion of the chromatogram was cut out and 
the color eluted from the adsorbent with 0.5 per cent ammonium hydroxide. 
The ammonia was removed with Amberlite 1R-100H and the red, faintly 
acid solution was concentrated under reduced pressure. 

The pyridine hemochrome! of this substance had a strong band at 548 
mu. The free hemin itself had a two-banded spectrum. One band lay 
at 400 mu and was of the same order of intensity as the second band, which 
lay higher in the visible region. In contrast to the 400 my band, which 
was unaltered by change in pH, the other band was profoundly shifted by 
change in pH. In 0.1 Nn HCl and in 0.15 m phosphate buffer, pH 7.0, the 
band was found at 517 and 480 my, respectively. In 0.1 N NaOH this 
band shifted even closer to the ultraviolet (455 my) and became almost 
of double intensity. 

The hemin was carefully dried under reduced pressure and treated with 
dry methanol saturated with hydrogen chloride gas. The solution was 
refluxed for 1 hour and the solvent removed under reduced pressure. The 
porphyrin residue was dissolved in a few ml. of water and passed through 
a small column of Amberlite 1R-4B, and the solution again concentrated 
to a small volume. This solution was chromatographed on fullers’ earth- 
Super-Cel, prepared as above, and the column developed with distilled 
water. The main, violet zone at the top of the column was cut out and 
eluted with water; the eluate was concentrated to a small volume and 
passed through a column of cation exchanger. The solution was evapo- 
rated to dryness, dissolved in methanol, and filtered, and the porphyrin 
precipitated with ether. The amorphous, hygroscopic, dark blue powder 
weighed 9 mg. 

The porphyrin was freely soluble in water and methanol, very slightly 


1 The nomenclature suggested in Lemberg and Legge’s book (p. 165 (4)) is used. 











i 


solul 
pyri 
acet 

A 


Fic 
(solid 
390 ar 
liter a 
mg. pr 


powd 
rapid] 
Theor 
infleet 
atoms 
of the 
ously 


Ele: 





vas 
hat, 
1en 
igh 
4B. 
ced 
| at 


ers’ 
en- 
vith 


Imn | 


The 
and 
cide. 
ntly 


548 | 
| lay | 
hich | 
hich | 


d by 
, the 
this 


most } 


with 
| was 

The 
rough 
rated 
sarth- 
stilled 
t and 
e and 
Vapo- 
yhyrin 
owder 


lightly 


s used. 





J. B. NEILANDS 765 


soluble in the usual organic solvents, but quite soluble in 2 ,4 ,6-trimethyl- 
pyridine, especially at acid pH. The material was insoluble in ether and 
acetone. It could not be crystallized. 


Aqueous solutions of the porphyrin were acid (below pH 3) and the dry 




















390 410 480 520 560 600 
Amu 
Fic. 1. The absorption spectrum of the water-soluble porphyrin in 0.5 n HCl 
(solid line) and 0.5 n KOH (dash line). The measurements carried out between 
390 and 410 my were made with a solution containing 6.14 mg. of the porphyrin per 


liter and those between 480 and 620 my were made with a solution containing 61.4 
mg. per liter. The light path was 1 cm. 


powder liberated gas from carbonate solution. The substance migrated 
rapidly to the anode compartment of the electrodialysis apparatus of 
Theorell and Akeson (2). The potentiometric titration curve showed an 
inflection point at pH 7.4, equivalent to 4.5 acid groups per 34 carbon 
atoms. ‘The shape of the titration curve suggested that a certain amount 
of the material was already in the salt form. The porphyrin reacted vigor- 
ously with diazomethane and became insoluble in methanol. 
Elementary microanalyses gave the following results. 
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per cent atomic ratio 
MOHNUSIIRES Cos Merce ta pe reed Shot A Moby aes Oe ot 41.4 34 
“2 Ure) 577 ee en age ae ee ee eee Savy BRS 34 
Ha ASO oe ote alata ores Se eae I ee acer beng 5.4 3.8 
| 11 SS ARO ORE eRe ae i ane Rr Re er 11.5 3.6 
BNA ee rc ah ars ial eae 9.0 


The absorption spectra in acid and alkaline media are recorded in Fig. 1, 
A brilliant orange fluorescence was visible in ultraviolet light. Solutions 
of the porphyrin in dilute NaOH were rapidly decolorized by light. 


DISCUSSION 


The reaction between hemin and bisulfite seems to parallel, in some 
ways, the mechanism for the conversion of hemin to bile pigments (3, 4). 
The presence of metal, oxygen, and a reducing agent is required in each 
case. On the other hand, the hemin-bisulfite reaction is different. in several 
respects. It is given by the free hemin, 7.e., the hemochrome is not re- 
quired; one of the products of the reaction is a red, hemin compound, not 
“oreen pigments,” and, finally, the products are freely soluble in water. 

If hydrogen peroxide were formed during the reaction, the hemin mole- 
cule might be oxidized and then sulfonated by replacement of a hydroxyl 
group, perhaps by intermediate participation of the keto tautomer. Since 
the products are too stable to be bisulfite addition derivatives, one would 
have to assume the loss of a molecule of water. The very high Soret band 
(Fig. 1) indicates that the substance is a porphyrin. The spectrum also 
suggests that the vinyl groups have disappeared. Sulfonation may have 
taken place on all four methylene bridges, while the vinyl groups were 
removed by reduction or hydroxylation. Deutero- and hematohemins, 
neither of which contains vinyl groups, reacted with bisulfite and entered 
the aqueous layer. 

Although the initial reaction which renders the hemin water-soluble 


takes place in neutral solution, the drastic conditions of acidity on the | 
cation exchanger might well promote secondary reactions during the salt | 


removal. 


SUMMARY 


A reaction between protohemin and bisulfite has been described. The 
reaction requires aerobic conditions and a neutral pH. A number of prod- 
ucts were formed, of which one is a water-soluble derivative of protohemin. 
The iron was easily removed to give a water-soluble, sulfonated porphyrin. 


The author wishes to thank Professor Hugo Theorell and Dr. K. G. 
Paul for their interest in this work. 
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PLASMA PROTEIN 
I. LOSS FROM CIRCULATION AND CATABOLISM TO CARBON DIOXIDE* 
By ISMAIL A. ABDOU ann HAROLD TARVER 


(From the Division of Biochemistry, University of California School of 
Medicine, Berkeley, California) 


(Received for publication, December 16, 1950) 


In order to provide additional tools for the investigation of the metabo- 
lism of plasma proteins, various groups of workers have examined methods 
for the production of labeled plasma proteins with the labeling sufficiently 
strong to allow the metabolism to be followed in recipient animals. The 
first of these investigations were those of Seligman and Fine (1), who ad- 
ministered either cystine, homocystine, or methionine labeled with S* to 
hypoproteinemice dogs and removed samples of plasma at intervals from 1 
to 10 days. These authors found that after 1 day most of the label was 
confined to the protein fraction of the plasma, and claimed that the most 
efficient labeling agent was cystine. With methionine they obtained very 
poor results, which is rather surprising in view of other data in the litera- 
ture (2). In addition the same authors (8) labeled plasma proteins by 
brominating the plasma in vitro with the radioactive element. However, 
this procedure evidently caused a variable amount of denaturation of the 
protein which depended on the conditions of bromination. 

Labeled plasma has also been produced in hypoproteinemic dogs by 
feeding DL-lysine-e-N™ as a supplement to an amino acid mixture which 
served as the sole source of protein supplied to the animal (4), or by feeding 
pL-lysine-e-C“ in large doses to normal, fasted, or hypoproteinemic dogs 
(5, 6). 

The foregoing authors all measured the rate of disappearance of the 
labeled plasma protein from the circulation of recipient animals, some 
normal and others in shock, generally after giving relatively large doses of 
plasma intravenously. The results are in agreement in that they show at 
the start, in the normal animal, a rapid rate of disappearance which is 
followed by a slower rate. Thus the concentration of the label in the re- 
cipient’s circulation was decreasing at such a rate, during the first 25 hours, 
as to reduce its level by 50 per cent in a period of from 24 to 30 hours. 
Thereafter, the concentration in the lysine experiments decreased so as to 
cause a further 50 per cent reduction in about 5 days. The bromine- 


*Our thanks are due to the American Cancer Society which, upon the recom- 
mendation of the Committee on Growth of the National Research Council, provided 
us with the funds which permitted the pursuit of this investigation. 
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labeled plasma, however, was found to disappear at variable rates which 
depended upon the amount of denaturation which had occurred during its 
preparation. 

In an endeavor to gain more information on this subject, we have labeled 
the plasma protein of donor rats by injecting small doses of serine-6-C¥ 
(7). The labeled protein has been transferred to recipient animals and 
the rate of loss of the label from the circulation has been followed over 
periods up to 7 days. In addition, the appearance of the label in the 
respiratory carbon dioxide and the other excretory channels has been fol- 
lowed. It appeared particularly useful to us to employ serine-6-C™ for 
this purpose because the amino acid, and in particular its B-carbon, is so 
rapidly catabolized. Thus the extent of breakdown of the labeled plasma 
proteins should be indicated by the appearance of label in the respiratory 
gases. We have also attempted to learn more concerning the relationship 
between the protein circulating in the plasma, lymph, and that in the tissues | 
by giving plasma protein intraperitoneally and orally. 

Due to the method of experimentation, we have treated the metabolism _ 
of the several proteins of the plasma collectively. This has been done for , 
convenience only. 





Chl 
Tric 


Tric 


EXPERIMENTAL | 


Labeled Plasma—Labeled plasma was prepared by injecting 10 mg. of 
serine-B-C™ (7) into male donor rats of the Long-Evans strain. After 8 
hours the heparinized donors were sacrificed by withdrawing blood. In 
all, nine donor animals were employed. The separated plasmas were sub- 
jected to dialysis in the cold, after adding a little serine carrier, for at 
least 2 days against a physiological saline solution which was changed fre- 
quently. All the batches of plasma were clear yellow in color and showed 
no sign of the presence of denatured protein. When not used immedi- 
ately, plasma samples were kept frozen. 

Samples of the plasma were precipitated with trichloroacetic acid (TCA) 
or, after drying with sodium sulfate, were extracted with chloroform. The 
results of these experiments (Table I) showed that the plasma contained ' 
little radioactive material soluble in TCA or in chloroform. Presumably, F  pjoo¢ 
therefore, all label in the plasmas was protein-bound. and { 

Recipient Rats—The recipient animals were of the same strain and sex Th 
as the donors, and were maintained on a diet of Purina dog chow until 16) papa 
hours before the injection of the plasma. The fast was then continued) jo, , 
for 24 hours or less, depending on the time of sacrifice. Prior to injection —_ 
the animals were weighed. Weights ranged between 183 and 265 gm., as hours 
shown in Table II. siieiee 

Altogether seventeen recipient animals were used; six received plasma bolier 
intravenously via the right external jugular vein, nine intraperitoneally, 
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and to two animals the material was administered orally via stomach tube. 
The dose of plasma employed was 1.5 ml. and all data are calculated to a 
radioactive dose of 10° c.p.m. per 200 gm. of animal. Initial samples of 


TaBLeE I 
Distribution of Radioactivity in Donor Plasma before and after Dialysis 














Before dialysis After dialysis 
sala per cent per cent 
CHIDTOLOTTA“SOU IG os. s2sceoie noes ona ein so Geet 0.036 0.017 
Trichloroacetic acid-soluble......................- 1.25 0.033 
Trichloroacetic acid-insoluble..................06. 98.71 99.95 





TaB_eE II 
Experimental Animals (Recipients) 














Rat No. Weight | Plasma injection route pence vant 
gm. hrs. 
16 190 Intravenously 0.07 
22 215 0.17 
23 190 6 
7 198 12 
17 235 24 
28 183 120 
25 227 Intraperitoneally 3 
27 198 3 
9 220 6 
18 265 6 
6 190 12 
10 190 24 
24 197 72 
26 220 120 
19 | 235 | 168 
11 | 188 ‘| Orally 6 
14 | 240 | 24 








blood (0.5 ml.) were taken from the vein on the opposite side of the neck, 
and the dose was corrected accordingly. 

The animals were then immediately placed in an all-glass metabolic ap- 
paratus which permitted the collection of the excreta and respiratory car- 
bon dioxide. In some animals the gas was collected over intervals of 3 
hours, which, as the experiments progressed, were extended to 6 or 12 
hours. In other animals intervals of 1 hour were employed at the begin- 
ning of the experiment in order to keep a close check on the rate of cata- 
bolism of the plasma. 
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Some of the animals were removed from the metabolic apparatus for 
short intervals (about 10 minutes) to allow the collection of blood samples, 
When this was done, labeled carbon dioxide production during these 
periods was calculated from the average rates during adjacent periods, 
Loss of blood was kept at a minimum when samples were taken (usually 
not more than 0.1 ml.). 

Blood Samples—The plasma was separated from the blood and the pro- 
teins were precipitated with TCA, washed with both cold and hot TCA, 
with alcohol, alcohol-ether, and ether. Samples for counting were sedi- 


mented onto tared aluminum disks, which were then dried and reweighed, | 


Such samples of plasma proteins required at least 1 ml. of blood for their 


preparation. Consequently they were made only from blood obtained at | 


the time the animals were sacrificed. Measured volumes of plasma or of 


whole blood from initial samples were dried directly on disks. At the | 


intervening times, samples for counting were prepared from 0.025 ml. of 
blood drawn from the tail vein, then spread and dried on disks. The use 
of whole blood samples proved to be very convenient, since it was found, 
by comparing results, that activities in 0.0235 ml. of whole blood closely 
corresponded to those found in 1 mg. of plasma protein. This is reason- 
able since the hematocrit values were very nearly the same in all the ani- 
mals, and the activities found in the formed elements were all very low.! 

Excreted Carbon—Carbon dioxide-free air was passed through the meta- 
bolic apparatus at a rate sufficient to prevent accumulation of the gas in 
the chamber. The carbon dioxide in the effluent gases was absorbed in 
an excess of sodium hydroxide contained in two wash bottles connected 
in series. At the end of any given absorption period the gases were di- 
verted into fresh base contained in a second pair of bottles. Barium car- 
bonate was precipitated, by using aliquots when necessary, from the hy- 
droxide by addition of 30 per cent barium chloride and sufficient 30 per 
cent ammonium chloride to insure neutrality. The precipitate was col- 
lected on tared sintered glass crucibles, washed with water, alcohol and 
ether, and then dried in an oven and weighed. The total carbonate was 
thus found. For determinations of radioactivity, aliquots were sedimented 
onto aluminum disks. 

Radioactivity excreted in the urine was determined by drying aliquots 
on the disks, or, like that in the feces, was obtained after complete com- 


1The hematocrit in one instance showed 57.5 per cent plasma. Consequently 
0.0235 ml. of whole blood represented 0.0185 ml. of plasma. The activity of this 
amount of plasma being equal to that in 1 mg. of plasma protein, there was 1/0.135, 
or 7.4 per cent protein in the plasma. According to the literature (8-10), plasma 0! 
rats of this size and sex contains 6.3, 8.1, and 5.6 per cent protein. Therefore, the 
indirectly determined value is reasonable. 
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bustion of aliquots to carbon dioxide by the wet digestion method modified 
from Van Slyke and Folch (11-13). 

Radioactiwity—Determinations of radioactivity were carried out with 
Geiger-Miiller counters with end-window tubes of large diameter or by 
using an internal sample type of tube with a constant flow of a helium- 
jsobutane mixture. 

Suitable corrections were made for self-absorption by barium carbonate 
and by protein samples. 

Expression of Results—The activity of plasma protein is expressed as 
counts per minute per mg. of protein. Since in all cases the dose of plasma 
has been calculated to the bases of 10° counts, the specific activity units 
may be named as per cent of dose per gm. of protein. 

The excreted radioactive carbon dioxide has been calculated in terms 
of per cent dose excreted per period, corrected to the excretion for a 200 
gm. animal, on the assumption that the carbon dioxide produced was pro- 
portional to the weight of the animal. Similar corrections have been ap- 
plied to urinary and fecal excretions. 


RESULTS AND DISCUSSION 


Before proceeding with the discussion of the data obtained in these ex- 
periments, it will be well to consider two aspects of the work. In the 
first place, in all the experiments reported in the present paper an arbi- 
trary dose of 1.5 ml. of plasma has been injected, since a relatively large 
dose was required in order to incorporate sufficient radioactivity. Ac- 
cording to Lippman (10), the plasma volume of a male rat, 200 gm. in 
weight, is 7.6 ml. Other authors (8, 9) give 6.2 and 9.2 ml. From our 
own results the approximate volume may be calculated from the dilution 
of the injected plasma. Following the injection of 10° counts in 1.5 ml., 
samples taken after a few minutes showed 154 c.p.m. per mg. or ¢.p.m. 
per 0.0135 ml;! therefore plasma volume = (10° X 0.0135 + 154) — 1.5 = 
74 ml. Consequently it may be assumed that the rats used in these ex- 
periments had a plasma volume of about 7.5 ml. To this volume were 
added 1.5 ml. or 20 per cent of extra plasma. It is possible that the ad- 
dition of this amount of blood protein might have had an effect of speeding 
up plasma protein catabolism to some extent. Further work will be re- 
quired to settle this question. 

In the second place attention should be redirected to the fact that the 
recipient animals were fasted for the first 24 hours, whereas during the 
rest of the time they were fed. It is equally possible that this might be 
a complicating factor, although the data present no obvious discontinuity; 
therefore the possibility will be ignored in the further discussion (see, how- 
ever, the following paper). 
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In Fig. 1 are shown the data obtained after the intravenous injection and 
oral administration of the plasma protein. The contrasting results are 
perhaps what might have been anticipated on the assumption that orally 
administered plasma protein is broken down prior to absorption, so that 
the label would become more rapidly dissipated in channels such as re. 
spiratory CO, than after intravenous administration of the same material, 
Table III shows that this is very definitely the case with respect to the re- 
spiratory CO2. There is no indication from these results that homologous 
plasma is absorbed without prior breakdown, and in the light of these 
findings it is difficult to explain the results of Dent and Schilling (14), 
who failed to observe a rise in the amino acid or peptide concentration of 
portal blood of dogs given homologous plasma, whereas there was a sig- 
nificant rise following the feeding of heterologous plasma. Our data on 
the rate of carbon dioxide production lend further support to the estab- 
lished concept, although they do not rule out the possibility that some | 
protein is absorbed either unchanged or as large fragments. 

When the curve indicating the values after intravenous injection of 
labeled plasma (Fig. 1) is examined, the following points become evident: 
(a) there is initially a very rapid decrease in concentration of the label in 
the plasma proteins, so that it reaches about half its initial value in § 
hours; (b) thereafter, the rate steadily decreases till, after 2 or 3 days, 
the rate becomes stabilized and remains so to the end of the experiment. | 
This is essentially the picture presented by the workers (4, 5) who have | 
carried out similar experiments with dogs, but with lysine-labeled plasma. | 

The half time of the slower process in these experiments with rats turns 
out to be 3.1 days, whereas in the experiments with dogs it averaged 5.0 
days. When methionine was administered orally to rats, a half time of 
4.4 days was found in the period between 1 and 7 days for the plasma | 
proteins (15); after intravenous administration to animals under different 
dietary conditions, a half time of 2.6 days was found (16). It is, there- 
fore, evident that the process which causes the slower loss of label from 
the plasma of plasma-labeled animals should be correlated with the loss of | 
label from the plasma of the diffusely labeled animals. This process is | 
quite evidently one of plasma protein metabolism, so that plasma protein 
has a half life of about 3 days in the rat and 5 days in the dog. Attention 
should be immediately drawn to the fact that this represents an average 
half life of albumins and globulins, which are probably formed at different 
rates. 

The interpretation of the rapid fall is subject to considerable un- 
certainty. It may be due to the operation of several processes, among 
which are the following: (a) equilibration with the protein in the vascular 
system, (b) equilibration with extracellular protein, (c) equilibration with 
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intracellular protein. Obviously all these processes may exhibit different 
rates for albumins and globulins. Fortunately considerable assistance in 
interpretation may be obtained from a consideration of the fate of the 
intraperitoneally injected plasma protein, which is shown in Fig. 2 (the 
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Fic. 1. Semilog plot of specific activity of plasma protein after intravenous in- 
jection of labeled plasma versus time. The upper solid curve represents the average 
values obtained from six rats given plasma intravenously, the lower solid curve 
(left-hand corner) the values from two rats given plasma orally; for an explanation 
of the broken curves see under “Results and discussion.” 


lower bifurcation of the upper curve). It is seen that, following injection 
via this route, the concentration of the label in the plasma proteins climbs 
very rapidly, until in about 6 hours the label has attained the same con- 
centration in the circulation as it had after intravenous injection. Plasma 
must pass very rapidly from its extracellular location in the peritoneum 
into the circulation, and this has been shown in dogs with ascites by Me- 
Kee and coworkers (6). Since this probably occurs via the lymphatic sys- 
tem, a rapid equilibration process between plasma and lymph proteins is 
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indicated. That this actually occurs in rats is readily demonstrated by | curs 
direct experiment.” | perin 
The following should be noted. McKee and coworkers injected plasma conce 
protein intravenously into animals with a large volume of plasma-protein- Fig. { 
containing ascitic fluid, or into the ascitic fluid itself. Under these con- of th 
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Fic. 2. Semilog plot of specific activity of plasma protein versus time (@, after tissue 
intravenous injection, ™, after intraperitoneal injection; O, semilog plot of rate flow i 
of appearance of label in respiratory CO2, expressed as per cent of dose per hour 
: ; ove fae ‘ : pete ; the tr 
versus time, after intravenous injection; 0, after intraperitoneal injection; A, semi- . 
log plot of CO, rate versus time after oral administration). minut 
If t 
ditions the transfer from blood to peritoneum and vice versa appeared —— gybtr; 
relatively slow, but this is only because of the large protein pool repre- proces 


sented by these ascites. The rate of equilibration of label is related to then 
protein content of the ascites and of the blood plasma besides being related —_portio 


to the rate of transfer of fluid and protein per se. is fou 
The loss of plasma into the tissues also occurs quite rapidly in some _jngtay 
cases, as will be shown in the following communication (17). It also oc- js due 
2 Unpublished data obtained with the assistance of Dr. W. O. Reinhardt. half ti 
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curs in dogs, according to two brief reports (3, 18). In the present ex- 
periments the occurrence of such a process may be deduced from the data 
concerning carbon dioxide excretion shown in Fig. 2 and Table III. From 
Fig. 2 it is evident that, after intravenous injection of plasma, the per cent 
of the dose of C which appears per hour in this excretory form reaches 
its maximum 2 or 3 hours after injection. Following intraperitoneal in- 
jection, the maximum rate appears to be somewhat lower and is attained 
later, namely 3 to 4 hours after injection. Unless we make the rather 
unorthodox assumption that proteolysis occurs on cell surfaces, these re- 
sults indicate that the plasma protein must have reached equilibrium with 
the tissue or tissues which cause its breakdown after a period of 2 or 3 
hours. 

With respect to the equilibration of protein within the circulation, the 
process may be more complex than is generally assumed. In the first 


TaB.e III 
Label in Respiratory Carbon Dioxide 


The results are calculated on the basis of a 200 gm. rat. The figures in parenthe- 
ses give the number of animals used to obtain the results given. 




















Route of administration 0-3 hrs. 0-6 hrs. 0-12 hrs. 0-24 hrs. 

; per cent per cent per cent per cent 
Intraperitoneal................ 1.66 (6) 4.05 (4) 8.2 (2) 13.6 (1) 
INGTAVONOUS. on shchec ee 2:7 (2) 5.1 (2) | 8.6 (2) 15.3 (2) 
OPED occ b.0's cence Ronse eee 14% & 19.6 (2) | 23.8 (1) 27.6 (1) 





place it would appear probable that there is a static layer of protein on 
the endothelial surface and that it may take a significant time to bring 
this layer into equilibrium with that moving rapidly in the center of the 
vessel. In the second place, it appears possible that there may exist in 
tissues a certain amount of plasma which is exhibiting a very slow rate of 
flow in channels closed to the cellular elements of the blood. Therefore, 
the true mixing time for plasma protein may be much longer than the few 
minutes which it is generally assumed to require. 

If the curve shown in Fig. 1 is subjected to graphic analysis, namely by 
subtracting the extrapolated value of the specific activity for the slow 
process from the actual value, at the different time intervals up to 3 days, 
then the broken curve is found. On repeating the process for the upper 
portion of the first derived curve, the curve with the most negative slope 
is found. Assuming the validity of this form of analysis in the present 
instance, the rapid disappearance of plasma protein from the circulation 
is due to the operation of a minimum of two processes, one of which has a 
half time of about 1.6 hours and the other of 11 hours; however, because 
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) 
of the complication resulting from the employment of a mixture of al. oral 
bumins and globulins and the lack of other essential data, it is hardly the 
possible to assign rates to specific processes such as those discussed in the in J 
preceding paragraphs. It may be noted, however, that the rate of the Ii 
rapid process corresponds to that of the disappearance of ferric-6-glob. mac 
ulinate from human plasma (19). the 
In Table III are shown data indicating that, after a period of 3 hours, 

5 times as much of the plasma protein label had been broken down to V 
carbon dioxide following oral injection as after intravenous injection, tid 
Thus an unequivocal demonstration is provided that plasma protein is thes 
more efficiently utilized when injected than after oral administration, Cro 


Furthermore, intraperitoneally injected plasma is utilized as well as, if not | 























TaBLE IV | V 
Label in Excreta min 

The results are calculated on the basis of a 200 gm. rat. The feces figures include 1 
the washings from the gastrointestinal tract. _s 
Route of administration 0-3 hrs. | 0-6 hrs. | 0-12 hrs. | 0-24 hrs. | 0-48 hrs. 2 
7 per cent per cent per cent ber cent per cent “ 

Intraperitoneal, urine................. 0.15 | 0.37 1.06 | 0.74 
« 28 a oe a 0.36 | 0.31 | 0.51 | plas 
Intravenous; UTNE... . 0.66. 65.56.0065 | 0.50 0.68 1.28 as 
is MOORS os cose ct scar sure ree | 0.33 0.41 4 
CAEN ECC CARRS a gr | 5.23 6.33 in t 
SMMC hee oye ares amie ad sein iantiey PSone | 1.05 0.51 r 
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pro 
better than, intravenously injected material. It is also of interest to note 6 


that the rate of carbon dioxide production after oral administration falls oni 
off rapidly, so that after 12 hours the rate of appearance of the label in beh: 


the respiratory carbon dioxide is lower than it is after injection (Fig. 2). 7 


This must be attributed to two factors, namely previous loss of label from que 
the animal and greater incorporation of label in proteins other than those’ — cho 
of the plasma, some of which will be metabolized at slower rates than are in] 
the plasma proteins. 8 

From Fig. 2, it is also seen that the rate of change in appearance of the any 


label in the carbon dioxide is related to the rate of change of the specific 
activity in the plasma proteins. This is a further indication that some 
tissue which catabolizes plasma protein comes into rapid equilibrium with 
this substance. Unfortunately we were unable to follow the carbon dioxide 
production beyond 24 hours, due to its low specific activity. 

In Table IV the data for the other two main excretory channels are 
shown. From these results it is seen that after 6 hours the absorption | 
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orally administered plasma is essentially complete. Little loss of label into 
the urine or feces was found except for about 6 per cent, which appeared 
in 1 day in the urine of Rat 14 which was given the protein orally. 

In the following communication the results derived from tissue analyses 
made on these animals will be reported. Subsequently we shall deal with 
the transfer of plasma protein into the lymphatic system. 


We are indebted to the United States Atomic Energy Commission, Oak 
Ridge, for the supply of formaldehyde which was used in the serine syn- 
thesis. The Geiger-Miiller tubes employed were kindly supplied by the 
Crocker Laboratory of the University of California. 


SUMMARY 


When plasma labeled by feeding serine-8-C“ from a donor rat is ad- 
ministered to recipient animals, the following results are observed. 

1. After intravenous injection, the level of the label in the plasma rap- 
idly decreases so that it reaches half its initial level in 8 hours. 

2. After 3 days the rate of decline becomes stabilized to one with a half 
time of about 3 days. 

3. Following intraperitoneal injection, the level of the label in the 
plasma reaches its maximum after about 6 hours, and thereafter behaves 
as the intravenously injected material. 

4. Plasma given orally does not result in strong labeling of the plasma 
in the recipients. 

5. After intravenous administration, the rate of labeled carbon dioxide 
production reaches its maximum in about 2 to 3 hours. 

6. After intraperitoneal administration, the rate of labeled carbon di- 
oxide production reaches its maximum after 3 to 4 hours and thereafter 
behaves in the same manner as after intravenous injection. 

7. After oral administration the rate of labeled carbon dioxide pro- 
duction reaches its maximum very early in the experiment and thereafter 
shows a rapid rate of decline which brings it below the intravenous rate 
in 12 hours. 

8. Little of the label is lost into urine or feces after plasma is given by 
any one of the three routes. 
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I], RELATIONSHIP BETWEEN CIRCULATING AND TISSUE PROTEIN* 
By ISMAIL A. ABDOU ann HAROLD TARVER 
} (From the Division of Biochemistry, University of California School of 
Medicine, Berkeley, California) 
hem., | (Received for publication, December 16, 1950) 

Soc, The hypothesis has been formulated by some workers that plasma pro- 
| tein is in equilibrium with the tissue proteins generally, and vice versa, so 
| that the plasma may serve as a tissue nutrient (1, 2). In addition it has 

948). been proposed that, once in the tissues, the plasma protein may suffer a 

partial breakdown to products which, when modified and reassembled in 
dera- suitable fashion, are then tissue proteins. Unfortunately, the evidence 
J presented in support of this speculation is of an indirect nature and, for 


the most part, is open to other interpretations. None the less, it is clear 
that plasma protein must penetrate some type of cell or cells in the mam- 
malian organism, because the protein is formed intracellularly, presumably, 
and also because injected plasma proteins rapidly disappear from the cir- 
culation, again presumably, due to the action of intracellular cathepsins. 

It seemed to us that suitably labeled plasma protein would provide a 
tool which would allow us to gain a clearer insight into the general rela- 
tionship between extracellular and intracellular pretein. Yuile and co- 
workers (3), with the same end in view, injected plasma labeled with 
lysine-e-C“ from a donor dog into a recipient animal and assayed the tis- 
sues for radioactivity. According to their brief report, all the tissues were 
active so that, for example, after 2 days the liver contained 6.8 per cent 
of the original dose. It should also be mentioned that prior to these in- 
vestigations Fine and Seligman (4) had made similar types of measure- 
ments on dogs after the injection of radioactive brominated plasma pro- 
tein. Unfortunately, the preparations of bromoprotein used by these 
authors were more or less denatured, so that the relationship between the 
results they obtained and the normal is not clear. 

The present communication deals with experiments of a type similar to 
those indicated, in which rats sacrificed at different intervals were em- 
ployed instead of dogs, and in which the plasma protein was labeled by 
feeding serine-B-C“ to donor animals. The plasma used contained the la- 
bel exclusively in the protein fraction, and it was administered either intra- 

"The pursuit of this investigation was made possible because of assistance pro- 


vided by the American Cancer Society on the recommendation of the Committee 
on Growth of the National Research Council. 
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venously, intraperitoneally, or orally. Except for the first 6 hours, little iis 
difference was found in tissue labeling, whether the plasma was given by poke 
vein or was injected into the peritoneal cavity, but the oral route led to Lee 
results which showed deviations from the values obtained after injection and 
in some respects but showed a general similarity in the whole picture, ai 
EXPERIMENTAL [i 
The nature and preparation of the donor animals, together with de- ~ 
tails concerning the recipient rats, have been given in the preceding com- in | 
munication (5). All the protein samples were from animals which had thet 
previously been subjected to in vivo perfusion (12 to 15 minutes) following 
the injection of heparin. Protein samples were made from the tissues by Spec 
homogenizing and precipitating with trichloroacetic acid. The precipitates 
were well washed with the precipitating agent, and with alcohol and ether 8 
as previously used for plasma protein. Then the dry preparations were with 
rehomogenized and sedimented on to aluminum disks from a suspension 
in petrol ether. Radioactivities were determined directly on the sedi- | 
mented preparations. A large number of determinations gave the average “a 
. : : : 3 hri 
protein content of the various tissues, and from these values the radio- 120 | 
activities in protein per unit of wet tissue, and for whole organs and tis- sate 
sues, were calculated. 
In addition, in the case of some of the animals, the total activity per fen 
unit of wet tissue was also determined by the complete combustion of 
dried samples by a modified Van Slyke and Folch method (5). The spe- a 


cific activities found in all tissues were relatively low; consequently the of p 
errors in the results are often large. However, reference to the data as a == 
whole will show that the conclusions reached are not subject to modifi- 
cation on account of such errors. 


RESULTS AND DISCUSSION T 

As in the previous communication (5), the results are expressed on the pro 
common basis of a dose of 10° ¢.p.m. of labeled plasma to a 200 gm. of un 
rat. The specific activities are given as counts per minute per mg. of sub- fine 
stance; that is, as per cent of the dose per gm. eith 
In order to test the technique, two types of experiments were carried or 
out. In the one a sample of liver was taken; then the rest of the liver was pre 
subjected to perfusion in the usual manner. The specific activities of the aad 
proteins were compared with results shown in Table I. It is seen from as 
Table I that, in the animal sacrificed at the early time interval following jai 
the injection of the labeled plasma, perfusion resulted in a great loss of ject 
activity from the liver. As might be anticipated, perfusion of the animal plas 


which had been given plasma 5 days previously resulted in less decrease 
1 
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in specific activity. By this time the plasma activity had undergone a 
very considerable reduction. If the difference between the values before 
and after perfusion is divided by the specific activity of the plasma pro- 
tein in both cases, values of 0.035 and 0.036 are found, indicating that the 
perfusion was carried out with approximately equal efficiency in both cases. 

In another experiment animals were sacrificed at 4 and 10 minutes after 
the intravenous injection of the plasma. At this time the plasma protein 
in both had essentially the same specific activity (154). Perfusion was 
then carried out, but reference to Table II will show that, following this 


TaBLe I 
Specific Activities of Liver Proteins from Rats Given Labeled Plasma Intraperitoneally 
before and after Perfusion of Organ 


Specific activity, counts per minute per mg. of dry protein from animals injected 
with a dose of 105 c.p.m. per 200 gm. Perfusion time 12 to 15 minutes. 























: : Plasma | Liver before Liver after (b) — (c) ~ 
Time of sacrifice (a) | () (0) @ 
|: SE RO RAG ara item ear 61.7 2.93 0.75 0.035 
POBISS a1 5 ooo eae eee 9.1 1.00 0.67 0.036 
TABLE II 


Specific Activities of Tissue Proteins of Rats Subjected to Perfusion Immediately after 
Intravenous Injection of Labeled Plasma 





| 

















‘Tou | Liver Kidney Lung Heart Spleen — eS 
min, vG | 

4 | 1.69 | 1.76 0.47 0.12 | 1.86 | 0.38 | 0.15 

10 «=| «1.88 | 1.67 0.89 0.52 | 1.87 | 0.50 | 0.23 


Time of perfusion, 12 to 15 minutes. 





procedure, it was impossible to demonstrate a removal of all the label 
from three tissues; namely, liver, kidney, and spleen. Other tissues were 
found to have less residual activity. Thus it must be concluded that it is 
either mechanically impossible to remove all the plasma from these tissues 
by the zn vivo perfusion technique or that the plasma protein enters the 
extracellular or intracellular fluid at an extraordinarily rapid rate. In 
studies made some years previously, similar results were obtained with 
methionine-labeled plasma.! In some respects, figures of this type may be 
considered as blank values for activity of the tissues after intravenous in- 
jection of plasma, but we have not employed them in this way because 
plasma activity falls rapidly, so that the “blank” would be variable and 


1 Unpublished observations of Steinbock, H. L., and Tarver, H. 
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generally less than the figures given. By comparing the activities with 
plasma as the standard, the difficulties due to the variable blank are mini- 
mized (see Fig. 1), so that the values obtained after intravenous injection 
and after intraperitoneal injection fall on the same curve.? 

Fig. 1 also shows that lung, heart, and perhaps skeletal muscle behave 
in a different fashion from liver, kidney, and spleen, in that there are two 
phases in the ascending (relative) activity of the tissues. Thus the more 
rapid rate of ascent may be due to equilibration of intravascular with 
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Fig. 1. Semilog plot of relative activity of tissue protein versus time when activ- 
ity of plasma protein at each interval is taken as 100. The data represent average 
results taken from Tables III and IV from rats injected with plasma protein (oral 
data excluded). 


extracellular and intracellular protein in the tissue and the slower ascent 
due to the intracellular incorporation as specific proteins. 

In Table III are shown the specific activities of the perfused tissue pro- 
tein from animals sacrificed at four different intervals following the in- 
travenous injection of the labeled plasma protein and in two animals in 


2 It is difficult to wash all the activity out by subjecting them to perfusion al- 
most immediately after injecting plasma protein intravenously, as shown in Table 
II, so that it is possible to interpret the results in another way, if it is assumed that 
the amount of plasma protein which cannot be washed out of a tissue is related to 
the per cent plasma in the tissue. Thus muscle should show a low residual ac- 
tivity and highly vascular tissues, high activities such as we found for liver. 
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which the plasma was given orally. From these data it is seen that the 
activity in the tissue protein shows an increase in the period from 6 to 12 
hours. In 24 hours the activity in the tissues is generally less, except in 
the spleen. The chief difference between the animals given plasma orally 
and those given the material intravenously lies in the proteins of the in- 
testinal mucosa (apart from differences in plasma protein labeling). Fol- 
lowing oral administration of plasma the mucosa apparently takes up a 
relatively large amount of the label. This may be interpreted as being due 
to the breakdown of the plasma in the intestine, followed by protein re- 
newal with the liberated radioactive amino acids. In one animal given 


TasB_e III 


Specific Activities of Protein from Perfused Tissues of Rats at Different Intervals 
Following Intravenous Injection or Oral Administration of Labeled Plasma Protein 





























Intravenous group Oral group 

Rat No. disierd Sian anecmnanmare oun Meh agama oT 23 a 17 28 11 | 14 
fies; after InjeCUOGs. kc. kcecs so ceteces 6 12 24 144 6 24 
PIRAWID oss ws Ra eee oar 86.8 66.6 41.3 7.77 3.27 4.02 
BIVGi occ ccs octnnetee oo paren 1.46 2.16 1.74 0.65 1.59 2.37 
RIGN OY. 525 3s steers titers 1.80 1.99 1.58 0.68 1.44 1.72 
11) i enese ehcta tanta cern rer E 2.71 4.60 2.37 1.16 12.98 1.40 
Oat... cacsnscosetee ues 1.09 1.16 0.95 0.50 0.46 0.56 
SPlOCi sous cee ean eo b acids 2.36 2.47 1.17 1.36 1.65 
Intestinal mucosa............| 3.06 4.64 4.67 0.63 10.47 8.67 
Muscle: (thigh). ...s..004 42; 0.22 0.44 0.17 0.33 0.08 0.21 
Red blood Celle ccegie acai: 0.40 








plasma orally, the lung tissue showed very high values. It is believed 
that this result was due to an experimental error caused by contamination 
with donors’ plasma. 

The data in Fig. 2 indicate that lung tissue, after the intraperitoneal 
injection of plasma protein, actually shows values higher than other tis- 
sues when comparisons are made between the protein activities in short 
period experiments. 

But these contrasts between the labeling of the plasma, lung, and in- 
testinal protein in the two groups of animals should not be allowed to 
detract from the similarities observed in the labeling of the proteins in the 
other tissues. 

Table IV shows the results of the experiments in which the plasma was 
given intraperitoneally. It is seen that most often the activity in the 
tissues shows a slow rise during the Ist day and thereafter decreases. 
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When the results in Table III are compared with those in Table IV, it is 
apparent that after about 6 hours there is no detectable difference, whether 
the plasma is given intravenously or intraperitoneally. The tissues which 
most actively take up plasma protein are lung, intestinal mucosa, spleen, 


04 
PROTEIN FRACTION 


04 








O8f 7 


SPECIFIC ACTIVITY OF WET TISSUE 














36 i2 15 24 30 45 60 72 

TIME IN HOURS 
Fic. 2. Total activity per mg. of wet tissue and in protein contained in 1 mg. of 
wet tissue versus time. All the data are from rats given plasma intraperitoneally 
or intravenously. Data for the different time intervals, going from small to large, 


are from Rats 25, 27; 23, 18; 6, 7; 17; 24; and 19. Routes of injection for these ani- 
mals are shown in Table II of Paper 1. 


is 
DAYS 


Tas.e IV 


Specific Activities of Protein from Perfused Tissues of Rats at Different Intervals 
Following Intraperitoneal Injection of Labeled Plasma Protein 


























BSt NOs pontine tins Acdonatecceats | 25,27 | 9, 18 6 10 | 2 26 | 19 
Hrs. after injection................... | 3 | 6 12 24 72 120 | 168 
Plasma...... 59.5 | 83.6 | 66.9 | 40.2 | 14.7 | 9.10 | 5.96 
DSU ee es CR Pe 0.938 | 1.71] 1.81 | 1.96] 0.99 | 0.67 | 0.69 
Rae Pees ee 0.78 | 1.56) 1.75} 2.49] 1.45} 0.88 | 0.79 
I hee eas, eh ce 1.56| 3.98] 2.36| 3.19| 1.47] 0.99 | 1.10 
eee ere | 0.76) 1.15] 1.31 | 1.48] 0.66] 0.51 | 0.56 
I oct sec ec cs | 0.79) 1.58| 1.80 2.11} 1.23 | 1.01 | 0.89 
Intestinal mucosa........... | 1.90) 4.04) 5.13 | 4.09 | 0.84 | 0.75 | 0.75 
Muscle (thigh)... . ....-| 0.16 | 0.29] 0.17] 0.22] 0.22] 0.23 | 0.19 
Red blood cells..............| | | 0.08 | 0.11 | 0.27 | 0.37 
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liver, and kidney, muscular tissue taking up less. The high activity of 
lung tissue does not appear to have been noted after free amino acid ad- 
ministration. Also noteworthy is the gradual rise of activity in the spleen. 
Like free amino acid, plasma protein only causes low labeling of muscular 
tissue. During these experiments a very gradual rise in the labeling of the 
red blood cells was noted, so that it does not appear that plasma protein 
is in equilibrium with protein in these cells. 

With respect to the behavior of the intestinal mucosa label, the abrupt 
fall in the period from 1 to3 days may be noted. This is greater than the 
corresponding fall in the experiments of Tarver and Morse (6) but about 
the same as that observed by Friedberg and coworkers (7). This may be 
due to the fact that the animals used by Tarver and Morse were fed 
throughout the experiment, whereas those of Friedberg and coworkers were 


subjected to a preexperimental fast which was continued for some time 


after the administration of the labeled amino acid (methionine-S**). No 
doubt the mucosa suffered considerable protein depletion due to the fast, 
and reconstitution of the protein, largely from dietary amino acids, caused 
a great dilution of the label. 

In the upper part of Fig. 2 are plotted the protein activities per mg. of 
various wet tissues taken at different time intervals. These data are cal- 
culated from the following average values for the protein content of the 
tissues, as determined after precipitation with trichloroacetic acid and 
washing as indicated in the experimental section: liver 18.4, kidney 13.0, 
lung, 11.0, spleen 15.1, heart 13.8, and muscle 18.6. The data are from 
animals given plasma either intraperitoneally or intravenously, but the 3rd 
hour points are from analyses made on two rats, both of which were given 
the dose intraperitoneally. These curves are of the same form as those 
which would be derived from the data of Tables III and IV, except for 
displacements due to the differences in protein contents of the tissues. 
They are also of the same form, except-for the differences previously noted, 
as those which are found after feeding free amino acids, with the reser- 
vation that the attainment of maximum value is somewhat delayed when 
plasma protein is injected, and that the rate of fall may be somewhat de- 


_ creased. These differences are only such as might be anticipated if plasma 


protein were broken down in tissue at rates approximately proportional 
to their rates of protein synthesis. 

In the lower part of Fig. 2 are shown the total activities in the tissues at 
different intervals up to 7 days following the plasma injection. It is seen 
immediately that the total activity is always higher than that assigned to 
the protein fraction, so that there must be, in all the tissues examined, 
considerable label in the form of carbohydrate and fat, because free amino 
acids of low specific activity could not account for the observed results. 
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The behavior of the liver is noteworthy; its total activity rises relatively 
more rapidly than that in other tissues, thus providing suggestive evidence 
that this organ is the site for the conversion of protein to the two other 
major tissue components, a conclusion which is supported by other well 
known data. The not inconsiderable non-protein activities in the other 
tissues may have resulted from conversions in situ or from transfer from 
the liver. 

The data presented in the preceding paper (5) show that plasma, when 
injected, suffers a rapid breakdown which is made manifest by the appear- 
ance of label from the 6-carbon of serine in the respiratory carbon dioxide. 
Just how much breakdown of plasma protein the measured carbon dioxide 
(15 per cent of the dose in 1 day) indicated cannot be assessed from the 
data at hand. Levine and Tarver (8) showed that after the injection of 


pL-serine-8-C" almost 50 per cent of the label appeared in the gas in 6 | 


hours, but in these experiments an undue proportion of this carbon di- 
oxide may have resulted from the breakdown of the p component in the 
serine mixture. At any rate the serine-labeled plasma indicates a greater 
breakdown in rats than does the lysine-labeled plasma in dogs (8), in which 
catabolism to the extent of 6 to 7 per cent of the dose occurred in 2 days, 
Because lysine is an essential amino acid and is one not readily cata- 
bolized, the results may not be entirely unexpected. It might be con- 
sidered that this difference indicated a more rapid release of serine than of 
lysine from plasma protein during its catabolism, but this appears to be 
improbable on other grounds (9). 

In view of the fact that most of the plasma protein is formed in the 
liver, and hence that the protein can pass the liver cell barrier in at least 
one direction, the liver is probably the site of the major part of plasma 
protein breakdown. The other possible sites are those tissues which are 
similarly high in cathepsins, such as kidney, spleen, and perhaps the reti- 
culo-endothelial system in general. Fig. 1 shows that these tissues are in 
a class by themselves with respect to the uptake of activity from plasma 
protein. When the phenomena are examined from a quantitative point 
of view, it emerges that the liver is actually the most important tissue. 
Thus Table V shows the actual per cent dose per tissue. From these fig- 


— 


ures it is immediately obvious that, apart from muscle (skin?), the largest | 


per cent of the dose is to be found in this organ. 

The data in Table V, together with those in Tables III and IV of the 
previous communication (5), allow us to make an approximate balance of 
radioactivity. By using the data for 12 hours, the tissues listed account 
for 62.7 per cent, the respiratory carbon 8.2 per cent, urine and feces 1.6 
per cent of the dose. If the remaining tissues (skin, gastrointestinal tract 
and bone, mostly) are assumed to have an activity similar to muscle, then 
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these 90 gm. of tissue will account for another 17.0 per cent of the dose. 
This makes a total balance of 89.7 per cent. Considering the great errors 
in estimating the per cent in muscle, etc., and the possibility that there is 
an excess of protein in the blood due to that injected, this balance may be 
considered satisfactory. 

It is our intention to proceed with experiments concerning albumin and 
globulin utilization and also to investigate the mode of plasma protein util- 
ization more thoroughly when we are able to produce heavily labeled pro- 


TABLE V 


Dose in Organs and Tissues at Intervals after Intraperitoneal Injection of Labeled 
Plasma Protein* 





| Hrs. after injection 

















Weight of | S 
organ ot 3 | 6 | 12 | 24 | 72 | 168 
| Fraction of dose 
| gm. | per cent | per cent| per cent| per cent| per cent| per cent 
Sh «oc cc canc uae | 7.0) 3.9] 48) 66) Seer tie} ae 
en | 1.97} 0.3| 0.7} 0.6] 0.5] 0.4 | 0.4 
PAGED, 5.<°s:-.52o:cveeveverte pee’ | 1.05 0.4 | 0.5 | 0.5 0.4} 0.2 0.2 
Heart pus, een | 0.72) OL | OZ | 0.2 0.1) 0.1 0.1 
Spleen week steak a | 0.50 | 0.1; 0.2 0.2) 0.1 0.1 
MNO 6 ccaic ss olen eee | (100) | (9.0)! (16.0); (19.0)| (13.0)} (6.0) | (7.0) 
Plasma: protein... 29i ess | (0.56) (33.3), (46.3)| (87.2)| (22.3)| (8.2) | (3.3) 

















* For the rats used and the route of injections, see Tables III and IV. 
+ Average weight found for perfused tissue of 200 gm. rat. The weight of muscle 
is assumed; that for plasma protein is calculated from our data (see the previous 


paper); 7.¢., 7.4 per cent protein in a total volume of 7.5 ml. (for the literature, see 
the previous paper). 


tein with a reasonable outlay of C, S**, and synthetic work. A following 
communication will deal with the efficiency of various methods of labeling 
the plasma protein in donors. 


Our best thanks are due to Miss R. Allemann for technical assistance 
rendered in this project. 


SUMMARY 


When labeled plasma protein from donor rats administered serine-6-C™ 
is injected into recipient animals, the label immediately appears in all the 
tissues examined. Tissues active in protein breakdown, rich in cathepsins, 
and active with respect to protein turnover accumulate more of the label 
than does muscle. The data give support to the concept that plasma pro- 
tein is broken down rapidly in a few tissues. 
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1. Rapid breakdown of plasma protein is shown by the evolution of 
labeled carbon dioxide (see Paper 1). 

2. Breakdown is also shown by accumulation of label in the non-protein 
fraction of tissues, particularly of the liver. 

Labeling of the tissues after giving plasma protein orally resembles, 
in most respects, that obtained after injecting the material either intra- 
peritoneally or intravenously, although the plasma values are totally dis- 
similar. Such differences as occur may be interpreted quite readily 
without assuming the direct equilibration between plasma protein and 
tissue protein. 
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THE INTRACELLULAR DISTRIBUTION OF VITAMIN By AND 
FOLINIC ACID IN MOUSE LIVER 


By MARIAN E. SWENDSEID,* FRANK H. BETHELL,* ann 
W. W. ACKERMANNT 


Wits THE TECHNICAL ASSISTANCE OF ANN LOUISE SWANSON 
AND ELAINE F. KLEINSCHMIDT 


(From the Thomas Henry Simpson Memorial Institute for Medical Research and the 
Department of Epidemiology and the Virus Laboratory, School of Public Health, 
University of Michigan, Ann Arbor, Michigan) 


(Received for publication, January 17, 1951) 


There is evidence that vitamin By and vitamins of the folic acid group 
are related physiologically in hematopoiesis (1, 2) and biochemically in the 
processes of methylation (8, 4) and nucleic acid synthesis (5, 6). These 
relationships suggest that there might be a physical association of the 
vitamins within the cell. In order to investigate this possibility, liver 
tissue was fractionated and the vitamin distribution among the various 
cellular components (nuclei, mitochondria, cytoplasm) was determined. 

The recent synthesis of a compound (7, 8) (designated as folinic acid by 
Shive and coworkers), which has many of the biochemical properties of 
folic acid, has made possible the differentiation in biological materials of 
vitamin activities formerly attributed solely to folic acid. Using synthetic 
folinie acid and a differential, microbiological assay procedure, we have 
obtained data which indicate that in liver tissue and its cellular fractions 
most, if not all, of the material with folic acid activity is folinic acid. 

These findings, together with the intracellular distribution of vitamin 
By and folinie acid, are presented in the following report. 


Methods and: Materials 


Preparation of Cell Fractions—2 month-old Swiss white mice (Webster 
strain), which were maintained on a diet of Purina dog chow supplemented 
with bread and milk, were killed by decapitation. The livers from ten 
mice were removed and washed in cold saline, and a 10 per cent homoge- 
nate was prepared in 0.88 m sucrose with the Potter-Elvehjem glass homo- 
genizer (9). This homogenate was fractionated by the procedure of 
Schneider and Hogeboom (10). Four fractions were obtained: nuclei, mi- 
tochondria, submicroscopic particles, and supernatant fluid. In some pro- 
cedures, a fraction was obtained in which the nuclei and mitochondria 


* Supported by a grant from the United States Public Health Service. 
t Aided by a grant from the National Foundation for Infantile Paralysis, Inc. 
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were sedimented together. The washings from the particulate fractions 
were assayed separately and the resulting values were added to those of 
the supernatant fraction. The nuclei and mitochondria were prepared in 
a high speed, angle head centrifuge and the submicroscopic particles were 
sedimented at 130,000 X g for 60 minutes with a Spinco ultracentrifuge, 
All operations were carried out at 10°. 

Vitamin Assay Procedures—It is known that the folic acid vitamins are 





present in liver largely in conjugated forms (11), which are not utilized | 


readily by microorganisms. Hence, an aliquot of each cellular fraction 


was buffered at pH 7.4, incubated for 18 hours at 37° to release the vita- | 


mins, coagulated by heat, filtered, and assayed for the folic acid vitamins, 
This method, based on the utilization of the enzyme, conjugase, from liver 
to release bound forms of folic acid, has been shown to be effective for 
whole homogenates of liver (11). As a preliminary to the study, conju- 
gase was determined and found to be present in each of the various cell 
fractions, thus establishing the reliability of this procedure when applied 
to any specific cell fraction. In some instances, the conjugase was inac- 
tivated by heat prior to incubation of the tissue. Assay values thus ob- 
tained were interpreted as representing the amount of vitamin present in 
liver in free form. 

It has been demonstrated that the growth of Streptococcus faecalis on a 
medium deficient in folic acid (FA) is stimulated by the presence of either 
FA or folinic acid, whereas the growth of Leuconostoc citrovorum under 
certain conditions responds only to folinic acid. The assay with S. faecalis 
(12) has therefore been used as a measure of the sum of the activities of 
FA and folinic acid in various biologic materials. For the assay of folinic 
acid alone, L. citrovorum (ATCC 8081) and a modification! of the proce- 


dure of Sauberlich and Baumann (13) were employed. By using folinic | 


acid to produce the standard curves, these concentrations were measured 
in terms of folinic acid activity. Thus, in assay procedures in which foli- 





i 


nic acid was used as a standard, if the activity of a given tissue in stimu-/ 


lating S. faecalis is greater than its activity in stimulating L. citrovorum, 


FA is present. If the activities are similar, only folinic acid occurs in the | 


tissue. 


To prepare the cell fractions for vitamin By: analysis, 5 ml. of acetate : 


buffer at pH 4.5 and enough water to make 100 ml. were added to each 
gm. of liver. The mixture was autoclaved for 15 minutes at 15 pounds 


pressure and filtered. Vitamin By was measured according to the proce-| 


dure of Wright (14) with Lactobacillus leichmannii (ATCC 4797). 
The nitrogen content of the various cell fractions was measured by the 
Koch-McMeekin modification of Nessler’s method (15). 


1 Personal communication from Dr. O. D. Bird. 
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Materials Used—We are indebted to Dr. William Shive of the Univer- 
sity of Texas for the synthetic folinic acid used in preparing standard 
curves for the microbiological assays. This folinic acid is of unknown 
purity but is free from folic acid. Under the conditions of assay reported 
here, the stimulation of growth of S. faecalis produced by 1.0 mg. of folinic 
acid is approximately equivalent to that produced by 1.5 mg. of FA, the 
ratio varying somewhat from one assay to another. 

The vitamin By, used was Merck’s cobione standardized by comparison 
with the reference standard of the U. S. P. Anti-Anemia Preparations 
Advisory Board. 


Results 


Significance of Assay Procedures—Since Nichol and Welch (16) have 
shown the metabolic conversion of FA to folinic acid, it was considered 
that the FA of the liver might be converted to folinic acid during the pre- 
paration of the tissue for assay. When FA was added to the samples of 
tissue prior to incubation, no increase in the ability of the tissue to stimu- 
late L. citrovorum was observed, although increased stimulation of growth 
of S. faecalis occurred (Table I). Hence, no appreciable amount of FA 
was chemically altered by this procedure. Since folinic acid is unstable 
under a variety of conditions, it was also considered possible that part of 
the L. citrovorum growth-stimulating activity of a tissue might be lost in 
preassay treatment of the tissue. However, it is shown (Table I) that 
when folinic acid was added to a homogenate of liver, excellent recoveries 


_ were obtained with either the L. citrovorum or S. faecalis assay. There- 


fore, in these experiments it appears that the test procedure combining the 


| §. faecalis and L. citrovorum assays is valid for estimating the FA and 


folinic acid activities of mammalian liver. 

The results in Table I also disclose that the activity of the liver in stim- 
ulating S. faecalis and L. citrovorum is due to folinic acid, since the assay 
values obtained with the two organisms for whole liver homogenates are 
similar. 

To test whether significant amounts of FA could ever be stored in the 
liver and assayed by this procedure, daily intraperitoneal injections of 2 
of FA were given to mice for an 8 day period, before assaying the livers 
for vitamins of the folic acid group. When mice were injected with FA, 
assay values for S. faecalis are higher than those for L. citrovorum (Table 
II). These observations demonstrate that under certain conditions, when 
the concentration of vitamins of the folic acid group is increased in the 
liver, FA as such can be stored in amounts large enough to be measured by 
this differential assay procedure. 

The results in Table II also confirm the fact that most of the folic acid 
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vitamins are present in liver in conjugated form, since assay values ob- 
tained with a heated homogenate are less than 10 per cent of those ob- 
tained when the homogenate has been incubated. Hence, by implication 
it appears that both FA and folinic acid can be stored in the liver as con- 
jugates. 

Intracellular Distribution of Folinic Acid—The activities of the various 


TasBLe I 
Recovery of Folic Acid and Folinic Acid from Liver Homogenates 





—> 

















Folinic acid FA 
Supplement added to h genate | 
L. citrovorum assay S. faecalis assay S. faecalis assay 
v per gm. vy per gm. 7 per gm, 

SUES RRR ea | ane ren 2.40 2.30 4.06 
2G y PAOr OM 6 si. .8 oc sss snc 2.48 3.95 6.60 
BUREN eres a sen ordni are ieee 1.40 1.25 1.73 
Bio y MAPOD GM.” 6.6. ko 1.30 2.95 4.40 
en Ae eee 2.30: 2.46 8:78.02 | 
1.0 y folinic acid per gm.*...... 3.10 3.21 4.85 








* These compounds were added to the homogenate before incubation at pH 7.4, | 


TaB.e II 
Effect of Folic Acid Administration on the Vitamin Content of Liver 



























Treatment of homogenate 
Experiment I H 7.4, : — 
No! (10 mice Treatment of animal roi” ae | per gm. | Heated, y per gm. folinic acid 
each) 
S. faecalis L. citrovorum S. faecalis L. citrovorum 
assay assay assay assay 
1 None 2.08 2.30 
1 27 FA daily 7.10 4.20 
2 None 4.10 3.98 0.27 0.23 
2 27 FA daily 5.15 4.05 0.39 0.23 

















cell fractions of liver in stimulating the growth of S. faecalis and L. citro- 

vorum are recorded in Table III. In all fractions, nuclei, mitochondria, ' 
supernatant fluid, and submicroscopic particles, the absolute activities (mi- 

crograms per gm. of tissue), as well as the specific activities (activity per 
mg. of nitrogen), obtained with the two assays are nearly identical. This’ 
indicates that none of the fractions of liver cells contains an appreciable 

amount of FA and serves as additional evidence for the concept elaborated 

on the basis of the assays of whole liver homogenate; namely, that only” 
folinic acid exists in the liver under ordinary dietary conditions. 
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The results of this liver cell fractionation show some folinic acid to be 
present in all fractions. The greatest proportion, 61 per cent, is in the 
supernatant fluid, and the smallest amount, 0.7 per cent, is in the sub- 




















TaBLeE III 
Intracellular Distribution of Folinic Acid in Mouse Liver 
- Assay by S. faecalis* Assay by L. citrovorum* 
Cell fraction | | Per cent of . Per cent of . 
ane | Specifi aa Specifi 
Activityt | ee activityt Activityt por Deg activityt 
= y per gm. ly per mg. N| vy per gm. y per mg. N 
Nuclei... cope tat. 0.175 8.2 0.0895 | 0.142 7.3 0.0320 
Mitochondria..........| 0.803 38.2 0.0990 | 0.725 37.2 0.0893 
Nuclei + mitochondria.| 1.000 47.0 0.0794 | 1.005 51.7 0.0805 
Submicroscopic par- 
ticles. . Pa ese 0.011 0.6 0.0042 
Supernatant fluid... . .| 1.150 54.0 0.0693 1.067 54.8 0.0642 
Whole homogenate. ... .| 1.792 84.2 0.0542 | 1.837 93.9 0.0557 




















* These values are the averages of three determinations. 

+ Expressed as micrograms of folinic acid per cell fraction obtained from 1 gm. 
of moist liver. 

t Expressed as micrograms of folinic acid per mg. of nitrogen. 








TaBLe IV 
Intracellular Distribution of Vitamin Biz in Mouse Liver* 

Cell fraction Activityt Per << cell Specific activityt 

i —_ mpgm. per gm. mpgm. per mg. N ; 
Nuclei. MOA. 42 8.6 9.46 
Mitochondria............| 275 56.0 33.90 
Submicroscopic particles. 24 4.9 9.25 
+ Supernatant fluid........ 150 30.6 8.98 
Whole homogenate....... 510 : 104.0 15.46 











*These values are the averages of four determinations. 

{ Expressed as millimicrograms of vitamin Bie per cell fraction obtained from 1 
gm. of moist liver. 

t Expressed as millimicrograms of vitamin B12 per mg. of nitrogen. 





microscopic particles. On the basis of specific activities the value: ob- 
tained with the mitochondria is almost twice that of the supernatant fluid 
(Table IIL). In all experiments, the sum of the activities of the cell frac- 
tions was in excess of the activities of the whole homogenate. 

Intracellular Distribution of Vitamin By—The results of vitamin By: as- 
says on the various cell fractions are shown in Table IV. The sum of the 
Vitamin By activities of each cell fraction accounts for 96 per cent of the 
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activity of the whole homogenate. As in the case of folinic acid, some of 
the vitamin is present in all fractions. In contrast to folinic acid, how. 
ever, almost 60 per cent of the total vitamin By: of the cell is found in the 
mitochondria. The specific vitamin By: activity of this fraction is 4 times 
that of the nuclei or supernatant fluid and 2 times that of the entire cell, 
This shows a considerable concentration of vitamin By in the mitochon- 
drial particles of the cell. 


DISCUSSION 


These observations demonstrate that under standard dietary conditions 
the material with folic acid activity present in livers of mice is folinic acid, 
or more specifically, is folinic acid conjugate. This experimental finding 
lends support to prior suggestions (17, 18) that folinic acid may be a homo- 
logue of FA which is important in the metabolism of animal tissue. 

Since we have found that FA occurs in plant materials, such as spinach 
and yeast, in approximately a 50 per cent ratio with folinic acid,? the en- 
zyme system which converts FA to folinic acid (16) must be of consider. 
able significance in the metabolic economy of the folic acid vitamins. 

Under conditions of administration of excess FA, it appears that the 
conversion of this vitamin to folinic acid is limited. Alternative meta- 
bolic pathways which might explain the relationship of FA and folinic acid 
(FN) are shown in the two accompanying schemes. 





FA = FA-Gl = FN-GI 
(I) 
FN 


FA = FN = FN-Gl 


—_— | 


The accumulation of conjugated FA (FA-Gl) under these conditions| 
may indicate that it is a more immediate precursor of folinic acid than is 
FA (Scheme I). However, it is also possible that FA-G] is a product of a/ 
reaction which is competing with the conversion of FA to folinic acid. 
(Scheme II). Thus, in either case the administration of large amounts 
FA would favor the accumulation of FA-Gl, if the conversion of FA to 
folinic acid became limiting. 

Apparently, folinic acid conjugate, as well as FA conjugate, can be 
acted upon by conjugase. The data at hand do not indicate whether thi| 
enzyme is relatively non-specific or whether it is present in more than one! 
form. 

The sum of the vitamin By: assay values of the cell fractions is in agree 


2 Unpublished results of the authors. 
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ment with that of the whole homogenate. This is evidence that the pro- 
cedures employed for assay are accurate. However, the folinic acid assay 
value of the whole homogenate is always somewhat less than the sum of 
the values of the individual fractions. For this there is no adequate ex- 
planation, but it is possible that an inhibitor of conjugasé may be a condi- 
tioning factor in some of the results. It has been found? that inhibitors 
of conjugase, unlike the enzyme itself, are not distributed throughout the 
cell and appear to be absent in the nucleus. Therefore, higher folinic acid 
values may be obtained in a given cell fraction when assayed separately 
than as part of the whole homogenate. 

The limitations of the fractionation technique (19) preclude a rigid 
interpretation of the results in terms of the significance of the natural dis- 
tribution of the vitamins within the cell. However, it appears that fo- 
linic acid and vitamin By: have different distribution patterns. The vi- 
tamin By activity is concentrated in the mitochondria, while the folinic 
acid is more generally distributed throughout the cell. These findings sug- 
gest that, whereas folinic acid functions in diverse enzyme systems, the 
réle of vitamin By may be more specific and confined to certain enzymes 
of the mitochondria. 


SUMMARY 


1. A method was explored for the determination of folic acid in the 
presence of folinic acid. 

2. It has been found that the folic acid activity of mouse liver is due to 
its folinie acid content. Under standard dietary conditions, folic acid is 
absent from the liver or present in very small amounts. 

3. The intracellular distribution patterns of vitamin By and folinic acid 
in liver have been determined. Vitamin By: is concentrated in the mito- 
chondria, whereas folinic acid appears to be equally distributed in the par- 
ticulate and supernatant fractions. 
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THE MOLECULAR SIZE AND SHAPE OF THE PANCREATIC 
PROTEASES 


II. CHYMOTRYPSINOGEN 


By GEORGE W. SCHWERT 


(From the Department of Biochemistry, Duke Univeristy School of Medicine, 
Durham, North Carolina) 


(Received for publication, February 9, 1951) 


In previous reports from this laboratory the sedimentation behavior of 
chymotrypsinogen, of a- and y-chymotrypsin (1), and of 6-chymotrypsin 
(2) has been described. The present paper reports a slight revision of the 
sedimentation constant of chymotrypsinogen and measurements of the dif- 
fusion constant, specific viscosity increment, and partial specific volume of 
this protein. 


EXPERIMENTAL 


Protein—The chymotrypsinogen used for these measurements was pre- 
pared by the method of Kunitz and Northrop (3). It was recrystallized 
eight times and was freed of salt by dialysis against 0.001 m HCl and 
lyophilized. The two preparations used for these determinations were 
found to have identical properties. 

Sedimentation—Sedimentation measurements were made with the elec- 
trically driven ultracentrifuge supplied by the Specialized Instruments 
Corporation. The techniques used have been previously described (1). 

Diffusion—Diffusion experiments were made in the electrophoresis appa- 
ratus built by Frank Pearson Associates. Boundary photographs were 
made by the schlieren scanning technique of Longsworth (4). Since, in 
this form of the Tiselius apparatus, parallel light is incident upon the 
cell, errors due to convergence are eliminated (5). The bath temperature 
was 1.2° and the total temperature variation was restricted to less than 
0.01° by means of the refrigeration system described by Gosting, Hanson, 
Kegeles, and Morris (6). 

Several of the diffusion measurements were made in a modified Claesson 


diffusion cell (7),! having a cell depth of 2.5 em. in the direction of the 
_ light path. However, the buffer used in this study caused a slight corro- 


sion of the stainless steel body of the Claesson cell and further measure- 


_ ments were made with a Tiselius cell having a long center section. In the 


‘We are indebted to Dr. Lewis G. Longsworth for the design of this cell. 
799 
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latter case, the boundaries were formed by the modification of the Polson | troy 
sharpening technique (8) which was described by Gosting e¢ al. (6). i be: 

The solvent was an acetate buffer at pH 3.86 containing 0.02 m sodium 
acetate and 0.18 m sodium chloride. 

Analysis of the schlieren patterns was carried out by the maximum Ii 
height, maximum height-area (9), and maximum height-area-inflection sedi 
point (10) methods. In each case the appropriate function was plotted | %8#! 
against time and the slope of the resulting line was determined by the trat 
method of least squares. Five to seven boundary photographs were made _— 
for each determination and the total diffusion times varied between | 520 
170,000 and 360,000 seconds. y tion 


The over-all accuracy of the method was tested by making quintupli- 
cate determinations of the rate of diffusion of sucrose. The diffusion con- 
stant for a solution containing 1.5020 gm. of sucrose per 100 ml. of solution 
was found to be 2.46° + 0.019 X 10-® sq. cm. per second at 1.20°. Gost- 
ing and Morris (11) have made a very complete study of the rate of dif- 
fusion of sucrose at 1.00° by the Gouy interference method. From the 
empirical equation which these workers have found to describe the varia- 
tion in diffusion rate with sucrose concentration, the diffusion constant for 


this concentration of sucrose is 2.393 X 10-* sq. em. per second at 1.00°., =F 
If this value is corrected for the change in diffusion rate and solvent vis- | °Y™ 
cosity with temperature, it becomes 2.410 X 10~® sq. cm. per second at eer 
1.20°. Since the interferometric method is capable of much higher preci- i A,p 
sion than are any of the refractometric methods (6, 12), the value from the | condi 
work of Gosting and Morris was taken as a standard and the diffusion con- | (prev 
stants found for chymotrypsinogen were multiplied by the ratio between | ‘Pr 
the standard and observed results for sucrose, 7.e., by 0.9777. nee 


Viscosity—Viscosity measurements were made at 31.08 + 0.01° with 
the viscometers and techniques described by Neurath, Cooper, and Erick- | show 
son (13). The solvent for these measurements was 0.001 m HCl in 0.1 u | tryps 
KCl. To d 
Density—The density of chymotrypsinogen solutions in 0.001 m HO! | tion | 
was determined in pycnometers of about 5 ml. volume at 30.4°. The solu- ; 3.86 | 
tions used were dialyzed against large volumes of the solvent to minimiz | tryps 
the effects of residual salt in the dry protein preparations. Partial spe- | result 
cific volume was calculated from a plot of specific volume against weight Th 
fraction of protein (14). i vious 
Protein Concentration—Protein concentration for the density measure} ™ainl 
ments was determined by semimicro-Kjeldahl analyses. The nitrogen Tt 
content of chymotrypsinogen was taken as 15.8 per cent (15). © ican C 
Chymotrypsinogen concentrations in the solutions used for the other” schlier 
determinations were determined with the Beckman model DU quartz spec:| solutic 
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trophotometer. The specific extinction coefficient at 282 my was found to 
be 2.06 X 10%. 


Results 


It has been shown that a-, y-, and 6-chymotrypsins show anomalous 
sedimentation behavior (1, 2). When, for these proteins, S20, is plotted 
against concentration, a curve is obtained which is concave to the concen- 
tration axis. The maximum of this curve varies with pH and protein 
concentration. Chymotrypsinogen, on the other hand, was reported to 
show a normal, rectilinear relation between concentration and sedimenta- 
tion rate (1). Preliminary diffusion measurements, which have since been 
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MG. CHYMOTRYPSINOGEN PER ML. 

Fig. 1. The upper curve shows the variation of the sedimentation constant of 
chymotrypsinogen with concentration at various temperatures, pH values, and ionic 
strengths. O, pH 3.86, ionic strength 0.2, 27-31° (previously reported); @ , same 
conditions, new determinations; ©, pH 3.86, ionic strength 0.2, 8-15° (average 12°); 
A, pH 4.99, ionic strength 0.5, room temperature (previously reported); A, same 
conditions, new determinations; 0, pH 6.20, ionic strength 0.2, room temperature 
(previously reported) ; , pH 7.41, ionic strength 0.2, room temperature (previously 
reported). The lower curve, corresponding to the right-hand axis of ordinates, il- 
lustrates the variation in the diffusion constant of chymotrypsinogen with concen- 
tration. @, pH 3.86, ionic strength 0.2. Determinations made at 1.20°. 


shown to be erroneous,” indicated that the diffusion constant of chymo- 
trypsinogen increases markedly with, decreasing protein concentration. 
To determine the origin of this variation in diffusion rate the sedimenta- 
tion behavior of chymotrypsinogen was reinvestigated in the buffer at pH 
3.86 used for diffusion measurements. At low concentrations of chymo- 
trypsinogen a slight decrease in sedimentation rate was observed. These 
results, together with those previously found, are shown in Fig. 1. 

The value of Soo, at infinite dilution, which was deduced from the pre- 
vious measurements, was 2.7 Svedberg units. This conclusion was based 
mainly upon points representing concentrations greater than 1 per cent 


* These erroneous results, which were reported at the 116th meeting of the Amer- 
ican Chemical Society, seem to have arisen from a small error in focusing the two 
schlieren lenses. Theslightly divergent light passing through the cell caused dilute 
solutions to appear to diffuse more rapidly than they actually do. 
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chymotrypsinogen (1). The corrected extrapolation, shown in Fig. 1, was 
calculated by the method of least squares by using the points correspond- 
ing to concentrations of less than 10 mg. of chymotrypsinogen per ml, 
The corrected value for S2,., extrapolated to zero concentration, is 2.5 
(2.5*) Svedberg units. 

In order to establish the effect of temperature upon this anomalous sedi- 
mentation behavior, a series of measurements was made at a mean tem- 
perature of 12°. As shown in Fig. 1, temperature has no effect on sed- 
imentation rate over the range from 12-31°. 

The observation that chymotrypsinogen apparently shows to a slight 
degree the reversible dimerization postulated for the chymotrypsins sug- 
gested that the discrepancy between the results obtained in this laboratory 














TasBLeE I 
Diffusion Rate of Chymotrypsinogen at 1.2° in Acetate Buffer, pH 3.86, 0.2 Ionic 
Strength* 
a | mew | Ds X 107 | Dix 107 | Dia x10 | 09777 x Dis Deoyw X 10! 
mg. per ml. pes i 
5.12 5.077 5.06? 5.005 5.048 4.935 9.33 
8.48 4.958 4,985 5.046 4.995 | 4.884 9.24 
12.7 4.912 | 4.92? 4.934 4,923 4.818 9.10 
26.6 | 4.825 | 4.90 4.91° 4.888 4.774 | 9.03 

















* D, is the value obtained by the maximum height method; Dz by the maximum 
height-area method; and D; by the maximum height-area-inflection point method. 
D:.2 is the mean value for the diffusion constant in buffer at 1.2°. All diffusion 
measurements are expressed in sq. cm. per second. 


and the preliminary results of Hess and Williams (16) might lie in the 
choice of buffers. The buffer used by Hess and Williams was acetate 
buffer at pH 4.95 made up to 0.3 ionic strength with NaCl.2 Although a 
single determination had been made previously in a buffer at pH 4.99 of 
ionic strength 0.5 (0.02 m sodium acetate, 0.48 m NaCl), the possibility re- 
mained that this point might lie at the intersection of two curves. There- 
fore, the sedimentation rate for a series of concentrations of chymotryp- 
sinogen was determined in this buffer. As shown in Fig. 1, the values 
obtained in this buffer do not fall outside the scatter of the points deter- 
mined under other conditions. 


Since the small variation in sedimentation rate with decreasing concen-| 
tration, shown in Fig. 1, did not account for the marked increase observed | 


in diffusion rate with decreasing concentration,’ the diffusion rate was 
redetermined. The corrected results are shown in Fig. 1 and in Table I. 


* Private communication from Dr. Eugene L. Hess. 
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Fie. 2. A plot showing the agreement of points taken from experimental diffusion 

7 curves, reduced to normal coordinates, with the theoretical distribution curve. 
ximum 7 Both sets of points are taken from a diffusion determination made in buffer at pH 
aethod. 3,86, ionic strength 0.2, 1.2°. Chymotrypsinogen concentration, 8.48 mg. per ml. 
0, 69,640 seconds; O, 170,100 seconds. 
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Fic. 3. Relation of specific viscosity to concentration of chymotrypsinogen solu- 
| tions. The conditions for these determinations are given in the text. 
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As shown in Fig. 1, a reasonable extrapolation to zero protein concen- | (5), 
tration yields 9.5 X 10~7 sq. cm. per second as the value of Deo,» at infi- tan’ 
nite dilution. tor 

Fig. 2 illustrates the fit of two experimental schlieren photographs, re- [ P 
duced to normal coordinates, to the normal distribution curve. The devi- of I 


ations of the experimental points from the maximum of the theoretical secc 
curve are believed to represent the limit of accuracy in determining the to k 
peak in the schlieren photographs rather than inhomogeneity in the pre- buff 
paration. per 

The results of viscosity measurements made on solutions of chymotryp- P tain 


sinogen are shown in Fig. 3 and the data from which the partial specific yielc 
volume was determined are presented in Table II. 























TaBLeE II | Mole 

Density of Chymotrypsinogen Solutions in 0.001 mu HCl at 30.4° | ares 
Protein concentration Density Specific volume Partial specific volume 

on gm. per 100 gm. solution gm. per ml. ml. per gm. | Visec 

0 0.9957° 1.0043? | Sedir 

0.225 0.99609 1.00398 i Sedin 

0.855 0.99795 1.0020° | Diffu 

0.957 0.99823 1.00177 . 

1.70 1.0006? 0.99938 : =f 

1.84 1.00085 0.99915 0.72! | semia 

} assun 

DISCUSSION : Th 


Although it is true that a decreasing sedimentation rate with decreasing F caleu 
concentration is characteristic of boundary instability as well as of dissoci- | Tabl 
ation of the sedimenting substance, it seems unlikely that boundary insta- | Mari: 
bility has influenced the measurements reported here: (a) this type of | order 
behavior has been observed with only a few proteins which have been Ot 
studied with the ultracentrifuge in this laboratory, and (b) other workers chym 
have observed boundary instability only at much lower density differ- | 36,80 
ences than were present in the measurements reported here (17-19). ) tation 

It is clear that the accuracy of the extrapolation of the diffusion data to in Ta 
zero chymotrypsinogen concentration would be enhanced by determina- Ment 
tions of the diffusion constant at lower protein concentrations. This has | Since 
been found to be impracticable, however, since the precision of the meas-| Must 
urements decreases very rapidly as the protein concentration is decreased CMSs 
below about 5 mg. per ml. This seems to be the result of two effects: (a) 
the determination of the shape of the refractive index gradient curve be- 
comes much more difficult as the area under this curve becomes small, and 
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(b), as the density gradient between the protein solution and the superna- 
tant solvent becomes small, the boundary becomes increasingly sensitive 
to mechanical vibrations in the apparatus. 

Previous reports of the diffusion constant of chymotrypsinogen are those 
of Hess and Williams (16) who found Deo, to be 7.9 X 1077 sq. em. per 
second and of Kunitz and Northrop (3) who found the diffusion rate at 6° 
to be 0.039 sq. em. per day. Neglecting the viscosity increment due to 
buffer salts, we may calculate Deo, from this value to be 7 X 1077 sq. cm. 
per second. Oncley (16) has suggested that this result, which was ob- 
tained by the porous disk method, be multiplied by 1.11, which would 
yield a value of about 7.8 X 10-7 sq. cm. per second. 








TaBLe III 

Molecular Weight and Shape of Chymotrypsinogen Calculated by Various Methods* 

Data used for calculation £ = Mol. wt. 

te 6 

Viscosity coefficient. .................. eee ey: 3.8 
Sedimentation-diffusion.................... 1.19 4.2 23 , 200 
Sedimentation-viscosity.................... 22,600 
Diffision=ViscOsity'.|..o. 00), ens oo ns se tees 24,500 











* f/fyis the frictional ratio and a/b is the ratio of the major semiaxis to the minor 
semiaxis of a prolate ellipsoid of revolution. The values of a/b are for a molecule 
assumed to have no water of hydration. 





The values of the frictional ratio, axial ratio, and molecular weight, 
calculated from the data presented in preceding sections, are shown in 
Table III. The details of these calculations have been conveniently sum- 
marized by Oncley (16). The agreement between these values is of the 
order usually found. 

Other values which have been reported for the molecular weight of 
chymotrypsinogen are 36,000 from osmotic pressure measurements (3), 
36,800 by amino acid analysis (20), and 38,000 from preliminary sedimen- 
tation and diffusion measurements (16). Although the values presented 
in Table IIT do not agree with those previously reported, reasonable agree- 
ment is found with the molecular weight found for a-chymotrypsin (21). 
Since the molecular weights of chymotrypsinogen and of a-chymotrypsin 


must be nearly identical (8, 22), these values may at least be regarded as 
consistent. 


This work has been supported in part by grants from the National 
Institutes of Health, United States Public Health Service. 
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SUMMARY 


The sedimentation constant of chymotrypsinogen has been redetermined 
and the value previously reported for this constant (2.7 Svedberg units) 
has been revised to 2.5 Svedberg units. 

The diffusion constant for chymotrypsinogen has been determined at 
1.2° and Deo,» at infinite dilution has been calculated to be 9.5 X 107 
sq. em. per second. 

The partial specific volume of chymotrypsinogen has been found to be 
0.72. 

The specific viscosity increment of chymotrypsinogen has been found to 
be 0.0434. 

The molecular weights and shapes calculated from these data are rea- 
sonably self-consistent. ‘The mean value for the axial ratio of chymotryp- 
sinogen, assuming no water of hydration, is 4.0 and the mean molecular 
weight is 23,000. 
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at In a previous publication (1) the anomalous sedimentation behavior of 
a-chymotrypsin was described and it was postulated that this protein 

‘Sl undergoes a readily reversible dimerization. The relative amount of dimer 

tryp- was believed to increase with increasing protein concentration and to de- 


oulae crease With increasing pH between 3.86 and 6.20. The present report in- 
cludes determinations of the specific viscosity increment, partial specific 
volume, and diffusion constant of a-chymotrypsin at pH 3.86 and at pH 
6.20, the extremes at which sedimentation measurements were made. 
From these data the molecular weight and shape of the a-chymotrypsin 
monomer and dimer have been estimated. 


EXPERIMENTAL 


Protein—Two preparations of a-chymotrypsin were employed for these 
measurements. The material for the determination of the specific viscos- 
ity increments was part of a preparation (ChT IV) previously used in sedi- 
mentation (1) and enzymatic (2-5) studies. This sample was freed of 
salt by dialysis against 0.001 N HCl and was lyophilized. 

The protein preparation used for determinations of partial specific vol- 
ume and of diffusion constants was a new preparation which was crystal- 
(1941). — lized one time by the procedure of Kunitz and Northrop (6) and was then 
ge, Ox- | dialyzed free of salt and crystallized three times from dilute alcohol accord- 
ing to the method of Kunitz (7). Electrophoresis of a 0.75 per cent solu- 
tion of this preparation in an acetate buffer of pH 5.00 and 0.02 ionic 
strength indicated that only 1 to 2 per cent of the refractive material 
failed to migrate with the principal boundary. 

J. Biol. Diffusion—The technique of these measurements has been described. 
The correction factor, 0.9777, was again applied to these determinations 


[nstru- 


es, New 


, Sharp, (8). From five to eight boundary photographs were made for each deter- 

w York,| Mination, and the total times of diffusion varied from 193,000 to 527,000 
seconds. 

(1947). * Present address, Department of Pharmacology, College of Medicine, New York 


University, New York. 
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Viscosity and Density—The only change from the conditions previously co 
described (8) was that the density determinations were made at 27.00 + dif 
0.02°. lat 

Protein Concentration—Protein concentrations for the density and viscos- fre 
ity measurements were determined by semimicro-Kjeldahl analyses. The no 


nitrogen content of a-chymotrypsin was taken as 15.83 per cent (9). Pro. 
tein concentrations for the diffusion measurements were determined from 
the absorption at 282 my with the Beckman model DU quartz spectro- 
photometer. The specific extinction coefficient was found to be 2.075 x 
10°. 

Buffers—The acetate buffer of pH 3.86 and the phosphate buffer of pH 





0.06 
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witl 
tion: 














0 02 04 06 08 10 
VOLUME PERCENT CHYMOTRYPSIN 
Fig. 1. A plot of the variation of specific viscosity with chymotrypsin concen- 
tration. O, pH 3.86; @, pH 6.20. 


6.20 each had an ionic strength of 0.2, of which 0.18 was contributed by — 
sodium chloride. These buffers were identical with those previously used) — 
in sedimentation measurements (1). 4 


Results 


The results of the determination of the specific viscosity increment of 
a-chymotrypsin at pH 3.86 and at pH 6.20 are shown in Fig. 1. The spe- | 
cific viscosity increment at pH 3.86 was taken as 0.0583. Since there 
seems to be a slight positive deviation from linearity in the determinations | 
made at pH 6.20, the line connecting the first point and the origin was | 
taken to define the specific viscosity increment. This value is 0.0415. — 

Fig. 2 illustrates the results of measurements of the diffusion constant of 
a-chymotrypsin at pH 3.86 and at pH 6.20 at varying protein concentra- Dis 
tions. Extrapolation from the points obtained at pH 6.20 to zero proteil iffy; 
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sly concentration yields 10.2 X 10-7 sq. cm. per second as the value of the 
+ diffusion constant at infinite dilution. The detailed results of the calcu- 
lations of diffusion constants are shown in Table I. The fit of points taken 
from three boundary photographs during a single determination to the 
The normal distribution curve is shown in Fig. 3. 
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Fia. 2. A plot illustrating the variation of the diffusion constant of chymotrypsin 
| with protein concentration at pH 3.86 (O) and at pH 6.20 (@). Protein concentra- 
| tions are for the bulk of the solution. 

TaBe I 
yncen- | Diffusion Rate of a-Chymotrypsin in Buffers of 0.2 Ionic Strength at pH 3.86 
f and 6.20* 
ed by | pa onan Di X 10" _ X 101 | Da X 10" |Dis X 10" Bes x 10! Pus, , 
used mg. per ml. 
3.86 4.34 4.899 4.974 5.01% 4.96? 4.851 9.17 
8.66 4.66° 4.718 4.70? 4.692 4.587 8.67 
13.5 4.420 4.424 4.53? 4.459 4.36° 8.24 
ent of 23.1 4.04? 4,259 4.188 4.165 4.072 7.70 
1e spe- 33.3 3.958 4.04° 4.01! 4.00? 3.918 7.40 
the 6.20 5.20 5.36! 5.08¢ 5.568 5.33? 5.218 9.76 
ee 6.95 5.212 5.248 5.268 5.248 5.128 9.59 
ations 13.7 4.928 4.83? 4.95° 4.903 4.974 8.97 
in was 24.9 4.331 4,448 4.389 4.388 4.29° 8.02 
15. 
tant of * D, is the value obtained by the maximum height method; D., by the maximum 
' height-area method; and Ds, by the maximum height-area-inflection point method. 
cen ed D;.2 is the mean value for the diffusion constant in the buffer solution at 1.2°. All 
protein diffusion measurements are expressed in sq. cm. per second. 
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Fig. 3. A plot illustrating the fit of points taken from experimental refractive It 
index gradient curves at various times to the normal distribution curve. Tempera- dat 
ture, 1.20°; pH 3.86; ionic strength, 0.2; chymotrypsin concentration in solution acr 
layer, 13.5 mg. per ml. O, 80,465 seconds; 0, 167,160 seconds; A, 267,170 seconds. ary 
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Tas_e II ' in ' 

Density of a-Chymotrypsin Solutions at pH 3.86 and 6.20 at 27.0° i ent 

pH e Fe Density Specific volume — : ve" 
gm. pe a one gm. per ml. ml. per gm. cul: 
3.86 0 1.0055° 0.99458 p din 
0.511 1.00678 0.99327 i 1 
0.964 1.0078¢ 0.9922° GB diis 
1.44 1.0093? 0.9907? dist 
1.82 1.01033 0.98978 four 

2.39 1.0118? 0.9883? 0.73} @ sin 
6.20 0 1.00575 0.99428 me 

0.641 1.00757 0.99249 j 2 
1.01 1.0084° 0.99158 © isp 

1.57 1.0100? 0.99008 ina 

2.46 1.0123! 0.98784 unit 
3.01 1.01367 0.9865! 0.738 pres 
abili 














tive 
era- 
ition 
ds. 





‘ific 








XUM 


G. W. SCHWERT AND S. KAUFMAN 811 


The results of determinations of the partial specific volume of the en- 
zyme at pH 3.86 and at pH 6.20 are shown in Table II. 


DISCUSSION 


In a previous report (1) it was postulated that chymotrypsin undergoes 
a rapidly reversible dimerization in solution. This postulate was based 
upon the following evidence. (a) In acidic solutions the sedimentation 
constant of chymotrypsin first increases and then decreases as the protein 
concentration is increased. The maximum in the plot of Sx,» against 
concentration occurs at a chymotrypsin concentration of about 3 mg. per 
ml. at pH 3.86, at about 7 mg. per ml. at pH 4.99, and at a concentration 
of about 18 mg. per ml. at pH 6.20.1. (6) At chymotrypsin concentrations 
greater than those represented by the maximum sedimentation rates, the 
sedimentation rates at all three pH values fall on a single line? The line 
was taken to represent the variation of the sedimentation rate of chymo- 
trypsin dimer with increasing protein concentration. The extrapolation 
of this line to zero protein concentration yields 3.52 Svedberg units as the 
sedimentation rate of the dimer in infinitely dilute solution. (c) A single 
boundary was found in all sedimentation determinations. These bounda- 
ries, while nearly symmetrical, exhibited a slight “tail” on the solvent side. 
It was argued that, if the ratio of monomer to dimer across these boun- 
daries changed as a result of the change in total protein concentration 
across the boundaries, the gravitational field should cause greater bound- 
ary spreading in a concentration range in which both monomer and dimer 
were present in appreciable concentration than in a concentration range 
in which one form or the other predominated. Measurements of appar- 
ent diffusion constants from sedimentation boundary photographs indica- 
ted that this is, in fact, the case. 

In attempting to evaluate the sedimentation results in terms of mole- 
cular behavior, it appears that the equilibrium between monomer and 
dimer cannot be represented by a simple equilibrium of the form 2M = D, 


1 Dr. John E. Snoke has found that the sedimentation behavior of crystalline 
diisopropyl fluophosphate-inhibited chymotrypsin at pH 6.20 and at pH 7.80 is in- 
distinguishable from that of active chymotrypsin at pH 6.20. Since it has also been 
found that 6-phenylpropionic acid, a powerful competitive inhibitor for chymotryp- 
sin (5), does not influence the sedimentation behavior of chymotrypsin, it may be 
concluded that the active center is not responsible for the molecular association. 

* McLaren and Finkelstein (10) have recently reported that when chymotrypsin 
is progressively inactivated by ultraviolet irradiation the value of S29,., measured 
in a M/15 phosphate buffer of pH 4.52, falls exponentially from 3.31 to 2.61 Svedberg 
units as the enzymatic activity decreases from 100 to 32 per cent. In terms of the 
present discussion, chymotrypsin which has been denatured by irradiation loses its 
ability to dimerize. 
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where M represents the monomer and D the dimer. In such an equilib- dey 
rium the relative concentration of dimer increases rapidly with increasing gre 
protein concentration, but the absolute concentration of, monomer also of 
increases continuously with increasing protein concentration. Under these the 
circumstances, unless complex assumptions are made concerning the vis- J 
cosity of the system, the sedimentation constants at high protein concen- pos 
trations do not fall on a single line for various values of the equilibrium gra 
constant. ‘To state this in another way, the fact that the sedimentation dec 
constants at high protein concentrations do fall on a single line indicates oce 
that essentially pure dimer must exist in this concentration range, or, as the 
seems less probable, that a constant ratio of monomer to dimer exists in tect 
this region. abs 
A reasonable approximation of the sedimentation behavior has been pla 
achieved by assuming that the weight fraction of monomer in the solution, onl: 
ay, increases linearly with decreasing protein concentration below the con- errc 
centration which gives rise to the maximum sedimentation rate for a given lem 
pH value. The sedimentation rate at any concentration less than that T 
giving the maximum sedimentation rate can be calculated from the 
Sew = ay Si w/(n/m) udu + &S2o0/(n/n0)pbn ‘ai 
where take 
a = the weight fraction of monomer or dimer cont 
Sa.» = the sedimentation rate at infinite dilution, taken as 2.4 Svedberg units for A 
the monomer (1) and 3.52 Svedberg units for the dimer obst 
n/no = the specific viscosity increment, 1.0415 and 1.0583 for the monomer and | apt, 
dimer, respectively I used 
¢@ = the volume per cent of monomer or dimer in the solution : ‘iain 
M and D designate monomer and dimer respectively. This equation isa | _ tatic 
slight modification of that given by Pedersen (11) for sedimentation of an | 3.86 
equilibrium system. from 
It is recognized that the fit of results, calculated in this way, to the | = A 
experimental data does not justify any conclusion as to the mode of dimer- |_ that 


ization or dissociation, since a variety of other expressions could likewise spec’ 
fit the data as well. It may reasonably be concluded, however, that the | show 
system cannot be represented by a mass law equilibrium between monomer | A 
and dimer. & one t 

In general, the present data seem to confirm the postulate of reversible | ous 
dimerization. The distinct differences in the mode of change of diffusion | culat 
rate with protein concentration at two pH values, shown in Fig. 2, are IIT. 
consistent with the sedimentation data at the same pH values. It appears | ‘speci 
that only the monomer is present in infinitely dilute solutions, that only | Sved 
the dimer is present in sufficiently concentrated solutions, and that the | tively 
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degree of dimerization at intermediate protein concentrations is much 
greater at pH 3.86 than at pH 6.20. It appears possible that the point 
of junction of the two curves in Fig. 2 represents the diffusion rate of 
the dimer. This occurs at Doo,» = 7.4 X 1077 sq. cm. per second. 

A fact which seems to argue against the acceptance of the dimerization 
postulate is the high degree of symmetry of the separate refractive index 
gradient curves shown in Fig. 3. Intuitively, one would expect that, if a 
decrease in the ratio of monomer concentration to dimer concentration 
occurs as the total protein concentration increases across the boundary, 
the boundary should be skewed toward the solvent. In no case was de- 
tectable boundary asymmetry observed and in no case did the maximum 
abscissa of the refractive index gradient curve undergo any vertical dis- 
placement in the diffusion cell. Since the sedimentation patterns showed 
only a small degree of dsymmetry, it may be that intuition leads to an 
erroneous conclusion in this situation. A theoretical analysis of this prob- 
lem appears to be extremely difficult. 

The viscosity measurements, shown in Fig. 1, can be accounted for on 
the basis that the dimer is more asymmetric or more hydrated than is the 
monomer. Although it may be fortuitous that the determinations made 
at pH 6.20 show a positive deviation from linearity, this could also be 
taken as an indication of increasing dimerization with increasing protein 
concentration. 

A second argument against the dimerization postulate, or at least an 
obstacle in the path of a simple explanation, is that the extent of inter- 
action between the protein molecules seems to be a function of the method 
used to measure it. The increase in viscosity with increasing protein con- 
centration at pH 6.20 is less than would be anticipated from the sedimen- 
tation behavior at this pH value. Conversely, the diffusion rate at pH 
3.86 varies less rapidly with protein concentration than would be expected 
from the sedimentation behavior at this pH. 

An alternative view, which, however, seemed highly improbable, was 
that these results might be the reflection of large changes in the partial 
specific volume of the protein with pH and concentration. The data 
shown in Table II completely refute this view. 

A further point in favor of the dimerization hypothesis is the pragmatic 
one that calculation of molecular weights and shapes by means of the vari- 
ous sets of data yields fairly consistent results. The results of these cal- 
culations, the details of which are given by Oncley (12), are shown in Table 
III. For these calculations the sedimentation rate, diffusion constant, 
specific viscosity increment, and partial specific volume were taken as 2.4 
Svedberg units, 10.2 X 10-7 sq. cm. per second, 0.0415, and 0.736, respec- 
tively, for the monomer, and as 3.52 Svedberg units, 7.4 X 107 sq. cm. 
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per second, 0.0583, and 0.731, respectively, for the dimer. It should be 
pointed out that the least certain of these results is the diffusion constant 
for the dimer, since the value used is an actual measurement rather than a 
value obtained by extrapolation to infinite dilution. Measurements at 
higher concentrations were limited by the amount of protein available. 
This value could be corrected, however, by the application of the empiri- 
cal viscosity correction of Neurath (13). The value thus obtained is 
7.9 X 10-7 sq. em. per second and the molecular weights found for the 
dimer are 40,200, 42,700, and 35,300 in the order shown in Table III. 
Since either value for the diffusion constant is derived from a single point, 
the corrected value is not necessarily to be preferred over the uncorrected 


TaB_eE III 
Molecular Weight and Shape of a-Chymotrypsin Calculated by Various Methods* 





























“Monomer” “Dimer” 
Data used for calculation oe 

4 $ | Mol. wt. = & | Mol. wt. 
Viscosity coefficient............ 1.14 3.6 1.24 4.8 
Sedimentation-diffusion......... 1.13 3.4 | 21,600] 1.24 4.8 | 42,900 
Sedimentation-viscosity........ 22,000 43 ,000 
Diffusion-viscosity.............. | 20,900 42,800 

if 





* f/fois the frictional ratio and a/b is the ratio of the major semiaxis to the minor 
semiaxis of a prolate ellipsoid of revolution. The values of a/b are for a molecule 
assumed to have no water of hydration. 


value. Either seems to provide confirmation of the notion of dimeriza- 
tion. 

The values found in the literature for the molecular weight of a-chymo- 
trypsin show considerable variation. Kunitz and Northrop (6) and Kunitz 
(9) have reported molecular weights of 40,000 to 41,000 from osmotic 
pressure measurements in concentrated salt solutions. Bernal, Fanku- 
chen, and Perutz (14) found a molecular weight of 32,000 from x-ray 
studies. The number of molecules per unit cell, n, was assumed to be 4. 
Fankuchen (15) quotes Perutz’ suggestion that n is 2 and gives 54,000 as 
the molecular weight corrected for residual water in the crystal. 

Several determinations made in the Western Regional Research Labora- 
tory of the United States Department of Agriculture suggest that n is 4. 
Molecular weight determinations by osmometry at pH 5.25 over the con- 


aay perercoens reese 


centration range 0.5 to 1 per cent protein indicate that the molecular | 


weight of chymotrypsin as well as that of diisopropyl fluophosphate (DFP) 
inhibited chymotrypsin is 27,000.32 Jansen, Nutting, Jang, and Balls (16) 


3 Private communication from Dr. A. K. Balls. 
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found that practically total inhibition of chymotrypsin by DFP occurred 
when the reactants were present in the ratio of 1 mole of DFP to 27,000 
gm. of chymotrypsin. Jansen, Nutting, and Balls (17) found that when 
DFP, containing radioactive phosphorus, was allowed to react with chy- 
motrypsin the crystalline inhibited protein isolated contained 1.08 moles of 
P®? per 27,000 gm. of chymotrypsin. A recent publication from the same 
laboratory (18) states that light-scattering measurements have also indi- 
cated the molecular weight to be 27,000. The amount of acid liberated 
when DFP reacts with chymotrypsin was found to correspond to 1.1 to 1.2 
moles per 27,000 gm. of chymotrypsin. 

Bull (19) found the film molecular weight of both chymotrypsinogen and 
chymotrypsin to be about 80,000, but also presented evidence to indicate 
that molecular association occurs in the film. 

Although errors in the present measurements and interpretations are 
entirely possible, it appears that there is sufficient self-consistency in the 
present results to establish the existence of some form of molecular associ- 
ation of chymotrypsin in solution. It may also be true that, if the mode 
of association discussed in connection with the sedimentation data is ap- 
proximately correct, the kinetic methods used in this study may possess 
certain advantages over equilibrium methods for the study of this system. 


This work has been supported in part by grants from the National Insti- 
tutes of Health, United States Public Health Service. 


SUMMARY 


The specific viscosity increment, diffusion constant, and partial specific 
volume of a-chymotrypsin have been evaluated at pH 3.86 and at pH 6.20. 
Taken together with sedimentation data previously reported (1), these 
determinations provide evidence that chymotrypsin dimerizes in solution. 
The molecular weight of the monomer has been evaluated as 21,500 and 
that of the dimer as about 43,000. 
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THE EFFECT OF x-RADIATION ON THE BIOSYNTHESIS 
OF HEMOGLOBIN* 
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Recent advances concerning our knowledge of hemoglobin metabolism 
(1-4) have provided a basis for an investigation of the effect of ionizing 
radiation, 7.€. x-rays, on biosynthetic processes involved in the formation 
of hemin and globin. An extensive body of hematological and histological 
data (5, 6) as well as experiments with rats treated with x-rays (7) provides 
evidence for the existence of a biochemical lesion in the radiosensitive 
hematopoietic system, although the nature and mechanism of production 
of this lesion are little understood. The availability of specific precursors 
for hemin and globin has made it possible to follow hemoglobin synthesis 
in irradiated animals. Thus, in accordance with earlier results (3), a-C'4- 
glycine! was used in this investigation. In order to make possible a study 
of the latent manifestations of radiation damage, intact animals were ex- 
posed to whole body x-radiation and the capacity of bone marrow and 
spleen to form hemoglobin was tested in vitro under conditions reported 
previously (8-10) at varying times after exposure to radiation. 


EXPERIMENTAL 


Twenty-two rabbits weighing 6 to 8 pounds were used. The animals 
were maintained on Purina fox chow and water. 

Production of Radiation Damage—Radiation damage was produced by 
exposing rabbits to 800 r. of x-rays at a rate of 26 to 27 r. per minute,” as 
monitored by a 100 r. Victoreen chamber. The radiation was filtered 
through a layer of 0.5 mm. of copper, and an aluminum parabolic filter was 
used to secure a uniform field. The half value layer was 2.15 mm. of 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Pro- 
ject, Rochester, New York. 

t National Research Council Fellow in radiological physics of the Atomic Energy 
Commission. 

1 We are indebted to the Isotopes Branch, Oak Ridge National Laboratory, for 
supplying the a-C-glycine (C™ activity, 11.36 uc. per mg. of glycine) used in these 
experiments. 

* In order to avoid variation in radiation dosage, the rabbits were placed in spe- 
cial exposure cages which restricted the animals to the field of radiation. 
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copper. The x-ray tube was operated at 15 ma. and 250 kv. at a distance 
of 22 inches from the body center. As a check on radiation injury to the 
hematopoietic system, erythrocyte and leucocyte counts, as well as differ- 
ential and reticulocyte counts, were carried out. 

Preparation of Homogenates—The animals were divided into eleven 
groups of two animals each. At appropriate time intervals after radiation, 
the animals were killed by a blow on the head and decapitation. Bone 
marrow from femora and tibiae was removed by an air blast and homoge- 




















TABLE I 
Composition of Vessel Content 
Bone marrow Spleen 
Addition Amount added Final Amount added Final 
Per mF fiseuc St] concentration | POF 8D; He CSM! concentration 
Main compartment 
0.1m phosphate buffer, | 2.2 ml. 0.0250 m 3.30 ml. 0.0480 m 
pH 7.3 
0.5 m glycine O52 0.0013 ‘ 0.08 ‘ 0.0090 “ 
0.1 “‘ sodium acetate 0:5 ** 0.0063 ‘‘ Ost0: 0.0015 “ 
a-C4-Glycine 0.16 pe. * 0.02 ue. 0.09 ue. 0.013 uc. 
(0.024 mm) per ml. (0.013 mm) per ml. 
Penicillin G 0.16 mg. 0.02 mg. 0.16 mg. 0.02 mg. 
per ml. 
Streptomycin OMG: <> 0.02 O16.‘ 0:02. -* 
Side arm | per ml. 
0.2 n sulfuric acid 2.0m. | 2.0 ml. 
0.5 “ potassium _hy- | aa¢ | 3.0 * 
droxide | 








The range of total volume was 32 to 80 ml. and 15 to 20 ml. for bone marrow and 
spleen homogenates respectively. The total wet weights were 6 to 10 gm. and 2.2 
to 3.0 gm. for bone marrow and spleen respectively. 

* The C™ concentration of the glycine sample used was determined at the Oak 
Ridge National Laboratory. 


nates were prepared as previously described (8, 9). Spleen homogenates 
were prepared according to a procedure previously described (10). The 
additions made to the respective homogenates are shown in Table I. In- 
cubation of these homogenates was carried out at 38° in modified 300 ml. 
Warburg vessels equipped with two side arms. The homogenates were 
incubated for 24 hours with shaking at 20 cycles per minute. 

Isolation of Hemoglobin, Protoporphyrin Dimethyl Ester, and Globin— 
After the incubation period, the homogenates were centrifuged at about 
16,000 r.p.m. in a Servall centrifuge. The reddish liquid middle layer of 


the resulting three phases was filtered and the filtrate dialyzed against 2.8 | 
m phosphate buffer of pH 7.0 for 24 hours with several renewals of the | 
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ce buffer solution in order to precipitate hemoglobin, as described by Green 
he (11). The resultant precipitate was removed by centrifugation, washed 
er- with acetone, and dried in vacuo. In order to remove dialyzable impuri- 
ties, the crude hemoglobin was dissolved in and dialyzed against distilled 
en water for 24 hours. Hemoglobin was finally precipitated by addition of 
On, 3 volumes of acetone, centrifuged, washed twice with acetone, and dried 
me in vacuo. 
ge- Protoporphyrin LX dimethyl] ester was isolated after addition of 5 mg. 


of crystalline hemin to the dry hemoglobin preparation, according to the 
method of Grinstein (12), including chromatography on calcium carbonate. 
= The residue remaining after extraction of protoporphyrin was used for the 
isolation of globin, which was purified according to the method of Anson 
Wei and Mirsky (18). 



































TaBLeE II 
ae Capacity of Bone Marrow and Spleen Homogenates to Synthesize Hemin and 
Globin 
M Seiemiassickaas 
Bone marrow Spleen 
“cc — 
“ — Whemin Welobin | Whemin Whemin Welobin Whemin 
mt x10 | X10F | Weobin x10 | xX 10% Wolcbin 
~~ No radiation. .. 6.8 | 1.1 6.18 13.6 | 4.2 32.3 
wal 0 hr. at 2 1.2 18.50 31.0 | 12.6 24.6 
Py 48 hrs. 1.5 1.5 1.00 31.8 3.0 106.0 
72 « ‘a | 43 | 0.92 | 28.0 | 43 65.1 

1 1 wk. 0.6 0.4 1.50 53.0 0.9 588.9 
ss f 2 wks. 1.4 0.3 | 4.67 53.2 0.7 760.0 

f de Ae 0.2 | 44.5 0.3 1483.3 
ee ae * ee 18.7 0.5 37.40 
and 
d22 | Results 
Oak } The effect of radiation on hemin and globin syntheses in bone marrow 

and spleen homogenates is shown in Table II. The results are expressed 
ail in terms* of W, 7.e. the capacity of the homogenates to synthesize hemin 


and globin. The introduction of the term W as an expression of the 
The k ° ° ‘ ° ° 
hemin- and globin-forming capacity of the organ systems studied was 


ee thought to be desirable because a comparison of the synthesizing capacity 

) ml. a ; ; ; , 
willl of different organs on the basis of tissue weight was thus made possible. 
_ W actually represents the specific biosynthetic activity of the tissue with 
ee F respect to hemin or globin. In a sense, then, this W value is conceptually 
Salil ; analogous to the W ( Wirksamkeit) used by Warburg and coworkers (14) to 
whey © express catalytic activity per unit weight of the particular preparation 
t 28 tested. In the evaluation of the W values shown in Table II, the experi- 

* The calculation of W is presented in detail in the Appendix. 
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mental shortcomings which impose certain limitations upon the apparent 
quantitative nature of the W values should be considered. The two main 
limitations are (1) the variation in chemical composition of the organ 
studied and (2) the variations of the individual responses of the animals 
to radiation. Therefore, the W values represent merely an order of mag- 
nitude rather than an exact expression of the prevailing synthetic activity. 

One of the notable findings is the marked rise in hemin synthesis imme- 
diately after radiation in both systems. These initially high levels of 
hemin synthesis were sustained only in spleen homogenates, whereas in 
bone marrow homogenates a rapid decline of hemin synthesis occurred at 
subsequent time periods. While hemin synthesis in spleen homogenates 
remained at levels three to four times above preradiation levels throughout 
the experimental period, recovery of biosynthetic activity in bone marrow 
homogenates commenced only 2 weeks after exposure to radiation. 

Another feature worthy of comment is the initial phase of globin syn- 
thesis in the spleen, which is characterized by a marked rise immediately 
after radiation. In this respect the behavior of the spleen differs from 
that of the bone marrow in that there was only a moderate increase in 
globin synthesis in the marrow which did not reach a maximum until 48 
hours after radiation. Otherwise, the W,ovin values for both systems 
show approximately the same relative decrease over the remainder of the 
experimental period. 


DISCUSSION 


Metabolic inhibitors such as azide and iodoacetate are almost indispen- 
sable tools in the study of tissue metabolism. In the experiments reported 
in this paper, ionizing radiation appears to have assumed a similar réle and 
thus has shed light upon the relationship between biosynthetic processes 
which lead to the formation of hemin and globin. The fact that ionizing 
radiation influences hemin and globin synthesis in a qualitatively and 
quantitatively different manner has provided a means of demonstrating 
the dissociation of the two processes. The independence of the rate of 


hemin and globin synthesis is particularly evident when one examines the , 


Whemin to Wetovin ratios in Table IT, since radiation produces marked alter- 


ations in these ratios. This might be interpreted to mean that hemin and | 


globin synthesis may go on at different rates and also that these processes 


are differentially affected by radiation. These data in vitro lend further | 
support to the same concept as was formulated previously on the basis of © 
experiments in vivo (7) with fasted and irradiated rats. Thus under cer- | 
tain pathological conditions hemin and globin syntheses are unquestion- © 


ably dissociated processes. On the other hand, the independence of these 
two processes is not obvious under normal conditions, at least not as far as 
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earlier data from this laboratory are concerned (3). However, upon cal- 
culating Whemin 2nd Weiovin for the intact, untreated rat from previous 
data (3), evidence may be obtained that hemin synthesis is approximately 
ten times more rapid than globin synthesis over a 24 hour period! A 
similar conclusion may be drawn from the in vitro data presented in this 
paper. 

By applying again the W values, bone marrow and spleen homogenates 
may now be compared with respect to their biosynthetic activities. A 
comparison of the Whemin values for the two systems indicates that under 
normal conditions the spleen contributes approximately twice as much as 
the bone marrow to hemin synthesis (per gm. of wet weight), as far as can 
be ascertained by the homogenate technique. After radiation the spleen 
contributes to an even greater extent to hemin synthesis than does 
the bone marrow. This is of particular interest because only very few 
erythroblastic centers are discernible histologically during the time of 
increased splenic hemin synthesis (5). Globin synthesis in spleen homog- 
enates proceeds at a slower rate than in bone marrow homogenates in un- 
treated as well as in radiated animals. It is of interest to note that 2 and 
3 weeks after radiation Weiobin values for spleen have reached very low 
levels, whereas at the same time hemin synthesis in this system goes on at 
a very rapid rate. Since this rapidly synthesized hemin was prepared 
from hemoglobin, sufficient preexisting protein-building stones above the 
amino acid level must have been present to make hemoglobin synthesis 
possible, even though there is little newly formed globin available. It is 
conceivable that, in the systems employed, globin synthesis is going on at 
levels below those which are maximally attainable because the systems 
were supplied with only one amino acid. However, the fact that a rise in 
globin synthesis considerably above preradiation values was observed in 
bone marrow and spleen homogenates after radiation could be adduced as 
evidence for the assumption that the systems studied contained an amino 
acid concentration more than adequate for normal rates of globin syn- 
thesis. 

SUMMARY 


1. Hemoglobin synthesis of bone marrow and spleen homogenates of 
irradiated rabbits was studied. 

2. The data indicate that hemin and globin syntheses are differently 
affected by radiation. 

3. Bone marrow and spleen homogenates after radiation were found to 
show a characteristic pattern of response with respect to hemoglobin syn- 
thesis. 


‘For this calculation it was assumed that the rat contains approximately 15 per 
cent protein and has a daily protein intake of 3 gm. of protein. 
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4. Variations in the ratios of hemin to globin synthesized indicate that 
hemin and globin syntheses are dissociated processes. 

5. The capacity of bone marrow and spleen homogenates to synthesize 
hemin and globin has been calculated and is expressed in terms of a new 
symbol, W. 


The authors are greatly indebted to Dr. John B. Hursh and Mr. Robert 
G. Vyverberg for help and advice in regard to C“ determination. The 
valuable technical assistance of Mrs. Mary Lou Nickles in the determina- 
tion of C" is also gratefully acknowledged. 


Appendix 
Calculation of Number of C'* Atoms in Hemin and Globin—C* activity 
was determined by means of an ionization chamber in terms of volts per 
minute per unit of dry weight of sample, as briefly described in a previous 
communication (3). 
The charge collected on the plates of an ionization chamber is given by 


Q = CAV (1) 
also 


Q _ X16 X10- x E/32.5 


aed AV 





(2) 


where n = the number of disintegrations per minute, H = the average 
energy of the particles in electron volts, AV = the change in potential per 
minute, and 32.5 electron volts is the average energy required to produce 
an ion pair. 

If the values obtained from an a-C"-glycine standard are substituted, 
n = 3.07 X 10', EF = 5 X 104, and AV = 1, into Equation 2 the capaci- 
tance is calculated to be 7.52 X 10-” farads. 

By using the above value for the capacitance, the number of particles 
disintegrating per minute can be calculated as follows. 


n X 1.6 X 107” X 5 X 104/82.5 
AV 





7.52 X 10°? = 
n = 3.07 X 10‘AV. 


Since the number of atoms disintegrating, AN, per unit of time, At, is 
proportional to the number of radioactive atoms present, N, AN can be 
defined as 

= —)\NAt (3) 


where A = proportionality constant, 7.e. decay constant. It is to be noted 
that AN is synonymous with n of Equation 2. Integrating Equation 2 
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gives 

InN) -InN =X (4) 
N = Noe-™ (5) 


If we substitute No/2 for N and solve for the time, 7}, necessary for half 
of the atoms to decay, A can be calculated to be 


0.693 
T; = 5100 yrs. for C¥ 


2 0.693 
~ 5100 X 365 X 24 X 60 
A = 2.59 X 10-” min 





By solving Equation 3, when At = 1, we get 
AN 
an (7) 


Substitution of the values for AN and \ in Equation 7 yields 
N = 1.19 X 10"aV (8) 


which is the number of radioactive atoms present. 

Calculation of Number of Hemin and Globin Molecules Synthesized; Bone 
Marrow*—To correct for the amount of inert glycine present, the ratio of 
the total amount of glycine to radioactive glycine is multiplied by the 
number of C™“ atoms in hemin or globin to determine the number of atoms 
incorporated. 

Assuming that the bone marrow contains 12 per cent protein and the 
protein contains about 4 per cent glycine, the total amount of glycine 
(Table I and its foot-note) is 


(0.2 X 0.5)75 + (0.16 X 11.4) + (0.12 X 0.04 X 10°) = 14.1 mg. 
The number of a-C™“ atoms added per gm. of wet weight of tissue Nou 
is 


0.16 X 2.2 x 108 
] = ————"~— _ = 1,36 X 10% atoms = ome 
Noi4 2.50 x 10-® 6 xX atoms = 17 X 10mg 
Thus 


Total glycine _—_‘14.1 
a-C¥ glycine 17 X 10-5 





= 8.25 X 104 


and the total number of glycine atoms incorporated, N;, is 


’ The data for hemin and globin syntheses in spleen homogenates were obtained 
as a result of similar calculations. 
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Ni = 1.19 X 10"AV X 8.25 X 10 (9) 
= 9.9 X 104AV (10) 
Since 8 a-carbon atoms of glycine are incorporated into each porphyrin 


ring synthesized, the number of porphyrin rings synthesized, Ny, is given 
by 


Ni 9.9 X 10%V 


Nz = . — = 1.2 X 10%AV a1) 
1.2 X 10°AV me 
= 602x103 ~ 2.0 X 10-*AV moles of porphyrin rings (12) 


Since hemoglobin contains 5.5 per cent glycine, the amount of glycine 
residues in the globin portion of hemoglobin is 


Amount = 68 X 5.5 X 108 X 107 


= 3.74 X 10° gm. of glycine residues per mole of globin 


_ 3.74 X 10° 
73 


= 51.0 glycine residues per molecule of globin, assuming 
1 molecule of globin per molecule of hemoglobin. 


The number of globin atoms synthesized, Ny, is 
Ni _ 9.9 X 10"V 


= = = 17 
adi 51.0 1.9 X 10"4V (13) 
1.9 x 10AV 
SS ee —7 e 
a oro (14) 


Definition of Capacity to Synthesize Hemin and Globin—The capacity 
of a system to synthesize hemin or globin, W, is defined as the total num- 
ber of mm of hemin or globin synthesized in unit of time per gm. of wet 
weight of tissue. The symbols Wein? and W%!%i2° are used to denote the 
capacity of a system to synthesize hemin or globin in the presence of a- 
C*-glycine. 
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THE METABOLISM OF TESTOSTERONE AND RELATED 
STEROIDS BY KIDNEY TISSUE* 


3y CHARLES DONALD WESTT anp LEO T. SAMUELS 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, December 26, 1950) 


Previous work from this laboratory has demonstrated that at least three 
enzyme systems are involved in the catabolism of testosterone by liver 
tissue of various animals. One enzyme system, catalyzing the oxidation 
of the alcohol group on C-17 to a ketone, requires diphosphopyridine nucle- 
otide (DPN) as a cofactor (1). A second appears to act preferentially on 
the A‘-androstene-3 ,17-dione so formed, destroying the conjugated double 
bond system in ring A. The cofactor for this reaction has not been identi- 
fied. A third enzyme system, with citrate specifically as cofactor, acts 
directly on testosterone to destroy the conjugation in ring A (2). 

That the kidney might also play a réle in the metabolism of testosterone 
seemed probable in view of the fact that testosterone is not found in any 
significant amounts in the urine even after the administration of many 
times the usual androgenic dose. Assuming that testosterone circulates in 
the blood under these conditions, its absence in the urine could be ex- 
plained by a lack of glomerular filtration, complete tubular reabsorption, 
or destruction of the hormone by the kidney. Kochakian et al. (3) and 
the present authors (4) have reported that kidney tissue does contain 
enzymes which will catalyze reactions involving testosterone. In this pa- 
per we report further studies on these kidney enzyme systems. 


EXPERIMENTAL 


The experimental methods of Samuels (5) and others were used in these 
studies. Kidney minces, prepared from freshly killed animals, were 
weighed and washed into incubation flasks with a solution having the fol- 
lowing concentration of salts: KCl 0.0056 m, MgCl. 0.0021 m, NaCl 0.08 m, 
NasH{PO -NaH2PO, buffer (pH 7.4) 0.04 m. Each incubation flask con- 
tained 200 y of testosterone dissolved in 0.25 cc. of ethanol. Routinely 
four types of incubation media were used; the buffer solution alone, 


*This work was supported in part by a grant from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council, 
in part by a research grant from the National Cancer Institute of the National In- 
stitutes of Health, United States Public Health Service, and in part by a grant from 
Ciba Pharmaceutical Products, Inc. 

{| Postdoctoral Fellow of the United States Public Health Service. 
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buffer solution containing 0.001 M citrate or some other acid of the Krebs 
cycle, buffer solution containing 0.001 mM DPN and 0.04 m nicotinamide, 
and a buffer solution containing 0.001 m DPN, 0.001 M citrate, and 0.04 
M nicotinamide. The nicotinamide was added to inhibit the destruction 
of DPN by the tissue nucleotidases. Ordinarily three or more flasks 
were incubated under the same conditions; in a few instances only two 
values were obtained. 

The flasks were filled with oxygen and incubated at 38° for 1 hour, 
Further enzymatic destruction was then stopped by boiling the contents, 
The steroids were extracted with ether and purified for analysis by chro- 
matography and partitioning between 70 per cent ethanol and hexane, as 
described by Samuels (5). 


Quantitative determinations of the steroids were made by photometric | 


methods. The ultraviolet absorption spectra of the fractions were de- 
termined on the Beckman spectrophotometer and the absorption at 240 
my was used to measure the a,8-unsaturated ketosteroids. The Zimmer- 
mann reaction as modified by Callow et al. (6) was used to determine the 
amount of 17-ketosteroids. 


Results 


Kidney tissue from dogs, rabbits, and guinea pigs was incubated with 
testosterone, and enzymes acting on the molecule were demonstrated in all 
three species (Table I). Differences in the metabolic mechanisms, how- 


ever, were observed among them. The dog kidney had an enzyme system } 





| 





which destroyed the a,8-unsaturated ketone group in ring A, whereas | 


rabbit and guinea pig minces did not. In comparison with liver tissue, 


the dog kidney was very low in this activity. Citrate, which greatly in- , 


creased the rate of a,8 bond destruction by liver tissue, had no effect on 


seme 


the rate of destruction by kidney tissue. DPN, also effective in certain | 


liver systems in this respect, had only a slight accelerating effect. 

Kidney tissue from all three species was able to oxidize the hydroxy! 
on C-17 to a ketone. In the incubations of dog and guinea pig kidney, 
the addition of DPN increased the rate of formation of 17-ketosteroids, 
but there was no such effect in the rabbit kidney incubations. 

Different responses to the addition of citrate were also observed. The 
addition of citrate decreased the rate of formation of 17-ketosteroids by 
rabbit and guinea pig kidney tissue but had little effect in the incubations 
with dog kidney. The oxidation of C-17 without added DPN was so lov 
in the latter species, however, that further depression with citrate might 
have been within the limits of error of the experiment. 

Substrate specificity studies were made on the enzyme system that 
oxidizes the hydroxyl group on C-17 to a ketone. Dog kidney mince was 
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incubated with androstane-17@-ol-3-one, androstane-3a,17a-diol, andro- 
stane-3a,178-diol, and androstane-17-a-ol. The hydroxyl group on C-17 
was oxidized to a ketone in all these steroids except androstane-17q-ol, 
The same metabolic pattern with added cofactors was observed as with 
testosterone (Table II). 

It was also found that the reverse reaction, reduction of the 17-ketone 
to a 17-hydroxy group, could also be brought about. Five steroids were 
used as substrate: A*-androstene-3,17-dione, androstane-3 ,17-dione, an- 
drosterone, dehydroepiandrosterone, and androstane-17-one. 


TaBLeE II 
Metabolism of Various 17-Hydroxy Steroids by Dog Kidney Mince 
The values are given in micromoles per gm. per hour. 

















17-Ketosteroid formed 
(as androstenedione) 
Steroid substrate Incubation media 
— Variation 
Androstan-176-ol-3-one | Buffer solution 0.10 | 0.10-0.11 
DPN + buffer solution 0.22 | 0.22-0.22 
Citrate + buffer solution 0.07 | 0.06-0.08 
DPN + citrate + buffer solution 0.24 | 0.24-0.24 
Androstane-3a,17a-diol | Buffer solution 0.12 0.12 
DPN + buffer solution 0.16 | 0.14-0.18 
Citrate + buffer solution 0.12 0.12 
DPN + citrate + buffer solution | 0.21 | 0.16-0.26 
Androstane-3a,176-diol | Buffer solution 0.10 | 0.06-0.13 
DPN + buffer solution 0.22 | 0.18-0.24 
Androstane-17a-ol Buffer solution 0.00 0.00 
DPN + buffer solution 0.00 0.00 








Kidney tissue from both dogs and rabbits metabolized A*-androstene- 
3,17-dione enzymatically (Table III). As in the case of testosterone, two 
types of enzymatic activity were observed with dog kidney; the tissue 
brought about both the reduction of the C-17 ketone and the destruction 
of the a,8 unsaturation in ring A. The destruction of the a,6-unsatu- 
rated ketone in the A ring was affected by cofactors in much the same way 
as testosterone. Rabbit kidney was active only in destroying the 17- 
ketone group. In both species the rate of destruction of the 17-ketone 
was increased by the addition of citrate to the incubation media. When 
both DPN and citrate were added to the dog kidney incubations, the rate | 
of 17-ketone destruction was intermediate between that with buffer alone | 
and that with citrate added. DPN apparently opposed the action of | 
citrate in dog kidney. In the rabbit kidney the addition of DPN had no | 
significant effect on the rate of C-17 ketone destruction. i 
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832 TESTOSTERONE METABOLISM BY KIDNEY 


From the results in Table III it is evident that other members of the 
tricarboxylic acid cycle besides citrate were active in catalyzing the de- 
struction of the C-17 ketone group by rabbit kidney tissue, namely oxal- 
acetate, succinate, malate, a-ketoglutarate, and fumarate. Lactate, the 
only member of the anaerobic glycolytic cycle tried, was inactive in this 
respect. 

Kidney tissue from both dog and rabbit was active on the enzymatic 
destruction of the C-17 ketone group in androsterone (Table IV). 
with A‘-androstene-3 ,17-dione, this destruction was increased by the ad- 
dition of citrate and, in the case of dog kidney, decreased by the addition 
of DPN. The addition of DPN had no effect on the rate of destruction 
of the C-17 ketone by rabbit kidney tissue. 

The other 17-ketosteroids, androstane-3 ,17-dione, dehydroepiandroster- _ 
one, and androstane-17-one, were incubated with dog kidney tissue. The | 
C-17 ketone group was destroyed enzymatically in all these except andro- | 
stane-17-one. The addition of citrate accelerated this destruction. In 
none of these incubations with saturated 17-ketosteroids were any a,6 | 
conjugated unsaturated bonds formed. 





DISCUSSION 


Previous work (1, 3, 7, 8) has indicated that the metabolism of testos- 
terone in the liver includes the following reactions: 


Pi (B) 
17-Ols without itrate DPN 
«,8 conjugated —s---------- Testosterone ¢2==---—-—-=? A‘-Androstene- 
system -Unknown Krebs acids 3,17-dione 
(C) (D) ' (B) 
1 
Non-17-keto- | 
steroids with- (F) Androsterone and | 
outa,Bconju- ~ isomers 


gated system 


System C has been identified only in poikilothermic animals. DPN | 
does not seem to be the cofactor for system B in rabbits. 

The lack of any influence of citrate alone on the destruction of the con- 
jugated system in ring A of testosterone or A*-androstene-3 ,17- dione | 
would indicate that enzyme A is absent in the kidney. 

The enzyme of dog kidney which destroys the conjugated system in 
ring A resembles enzyme C in the livers of poikilothermic animals (7). | 
As Samuels et al. pointed out, the conditions under which the activity of | 
the livers of the homeothermic animals has been studied would not pre-| 
clude the action of a similar enzyme in these livers in addition to the two} 
very active routes catalyzed by citrate and DPN. Experiments are now) 
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834 TESTOSTERONE METABOLISM BY KIDNEY 


under way to determine whether such enzymes are present in mammalian 
livers. 

The system in kidney tissue of each species which acts on C-17 would 
appear to be similar to that in the liver, since 17-ketosteroid formation 
was accelerated by DPN with dog and guinea pig tissue but not with that 
of the rabbit (7). It seems highly probable, therefore, that we are deal- 
ing with a characteristic distribution of this enzyme in the two tissues 
which play the dominant réle in inactivation and disposal of excess or 
toxic substances in the body. 

Apparently this enzyme is not highly specific as far as the structure of 
ring A is concerned. The elimination of the double bond or the conver- 
sion of a ketone to an alcohol on carbon 3 does not prevent the reaction. 
The presence of oxygen on this carbon, however, is essential; androstane- 
17-ol was not affected. This would seem to indicate that the steroid 
molecule must be attached to the enzyme at two points. 

The same situation appears to be true for the system which reduces a 
17-ketone in the presence of one of the Krebs cycle acids. Again the 
double bond appears to be unimportant, but the presence of a keto or 
alcohol group on both C-3 and C-17 is essential. Since the specificity is 
so similar, it seems probable that enzymes B and D are either the same or 
closely similar enzymes. Since the reduction of the 17-ketone group of 
androsterone was affected by citrate and DPN in the same way as the 
reduction of androstenedione, it seems likely that enzymes D and F are 
identical. Thus the observations on the kidney would suggest some sim- 
plification of the enzyme pattern in the liver, as indicated by the diagram, 
although involving the same steroid transformations. 

In view of the lower activity of the renal systems affecting testosterone 
and the smaller number of metabolic pathways available, it would appear 


that the kidney plays a supportive réle and the liver the major réle in the | 


metabolism of the androgens. 


SUMMARY 


Enzyme systems involved in the catabolism of testosterone have been 
demonstrated in kidney tissue from dog, rabbit, and guinea pig. 

The principal action of the kidney enzyme systems in all three species 
was to oxidize the hydroxyl group on C-17 to a ketone. DPN was a co- 
factor in the dog and guinea pig kidney system but not in that of the 
rabbit. Steroid substrate specificity was studied. The same oxidative 
system appeared to act on any 17-hydroxy-C1y steroid which had an al- 
cohol or ketone group on C-3. The reaction could be reversed in the 
presence of acids of the Krebs cycle. 

Dog kidney tissue also destroyed the a,8-unsaturated ketone structure 
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in testosterone. Citrate had no effect on this reaction. This activity 
was absent in rabbit and guinea pig kidney. 
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A PRECURSOR OF ISOLEUCINE OBTAINED FROM A MUTANT 
STRAIN OF NEUROSPORA CRASSA* 


By EDWARD A. ADELBERG,t DAVID M. BONNER, anp E. L. TATUM 


(From the Osborn Botanical Laboratory, Yale University, New Haven, Connecticut, 
and the Department of Biological Sciences, Stanford University, 
Stanford, California) 


(Received for publication, September 19, 1950) 


Work on the biological synthesis of isoleucine began with the investi- 
gations by Bonner, Tatum, and Beadle in 1943 (1) on Neurospora crassa 
strain 16117, which was shown to require the amino acids isoleucine and 
valine for growth. Later, Bonner (2) presented evidence that the double 
requirement was due to the accumulation of an isoleucine precursor which 
then inhibited conversion of some analogous intermediate in valine syn- 
thesis. At that time, it was suggested that the corresponding keto acids 
were involved. 

The present investigations began with an attempt to isolate a-keto-B- 
ethylbutyric acid! (the keto acid corresponding to isoleucine) from fil- 
trates of strain 16117. While none was detectable, it was easily 
demonstrated that such isoleucine-free filtrates did contain considerable 
amounts of an unknown isoleucine intermediate, since they showed high 
activity for various isoleucine-requiring mutant strains of bacteria in- 
cluding Escherichia coli 58-336. The active principle was isolated and 
characterized as a-@-dihydroxy-8-ethylbutyric acid. The present paper 
deals with the isolation and identification of this compound. A detailed 
discussion of production conditions, biological activity measurements, and 
nature of the precursor of this and other suggested intermediates is pre- 
sented elsewhere (8). 


Isolation 


Culture filtrates of Neurospora strain 16117, in 18 liter lots, were con- 
centrated to dryness by distillation 7m vacuo, and the residue was extracted 
with pyridine. The filtered pyridine solution was diluted with 1.5 vol- 


*Part of this material is included in a dissertation presented by the senior au- 
thor in partial fulfilment of requirements for the degree of Doctor of Philosophy at 
Yale University. 

+ Standard Brands Fellow in Microbiology at Yale University, 1946-48. Present 
address, Department of Bacteriology, University of California, Berkeley, California. 

‘Compounds related to isoleucine are named in this paper to emphasize their 
origin from the B-acetylation of a 4-carbon precursor, rather than based on the long- 
est carbon chain. 
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umes of water and concentrated by distillation in vacuo to one-half the 
original volume to remove pyridine. The resulting aqueous solution was 
made alkaline and extracted continuously with ether for 16 hours. The 
ether phase was discarded, and the aqueous residue was acidified to pH 
1.0 and continuously extracted with ether for an equal period. The final 
ether-soluble material represented the organic acid fraction of the original 
filtrate and possessed most of the original activity. Chromatographic 
analysis by a modification of the method of Lugg and Overell (4) showed 
that, in addition to the small amounts of succinic acid characteristic of 
wild type Neurospora (strain 25a), two organic acids were present in con- 
siderable amounts. The faster moving spot was associated with isoleucine 
activity, while the slower moving spot has recently been shown by Adel- 
berg and Tatum (5) to be a,8-dihydroxy-8-methylbutyric acid, a precursor 
of valine. 

Starting with this organic acid mixture, two different paths of fractiona- 
tion were followed. First, the entire fraction was treated with p-bromo- 
phenacyl bromide according to the method of Reid and associates (6), and 
the resulting mixture of p-bromophenacyl! esters subjected to fractional 
crystallization. This method resulted in a very low yield of the ester of 
the isoleucine precursor in crystalline form. The free acid could be re- 
covered from this material by saponification with alcoholic potassium hy- 
droxide, followed by extraction with ether at pH 1.0. 

The second method gave much better recoveries and was used in all 
subsequent work. The ether solution of organic acids was streaked along 
a line about an inch from the bottom of a sheet of filter paper. The 
material was chromatographed by the ascending method and the bands of 
organic acids were located.? These bands were then cut out and eluted 
with water. The aqueous solution of the impure precursor was then ex- 





tracted continuously with ether, first from alkaline and finally from acid 
solution to yield an ether solution of the precursor approximately 90 per 
cent pure, as determined by quantitative iodoform tests on a degradation | 
product (7). The ether solution was dried over anhydrous sodium sulfate, | 
filtered, and evaporated in vacuo. The oily residue has not been success- 


2 Initially, sheets of pure cellulose obtained from the Parlin, New Jersey, plant 
of the Hercules Powder Company, and equal to about nine sheets of Whatman No. | 
1 filter paper in thickness, were used. Later the technique of Yanofsky et al. (10) 
was employed in which the solution was put on sheets of Whatman No. 1 filter paper ' 
with the aid of a kymograph. 

The sheets were exposed to a water-saturated atmosphere overnight and de- | 
veloped with a solvent prepared as follows: a mixture of 70 per cent ether and 30 per | 
cent benzene is made 8 m with formic acid and saturated with water. After develop- i 
ment, the sheet is air-dried and sprayed with brom phenol blue solution, and the | 
residual formic acid removed with flowing steam. t 
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™ fully crystallized. The calcium salt was vitreous, hygroscopic, and soluble 
“ in both water and ethanol. 
pH Characterization 
final Qualitative Analysis—The organic acid fraction gave a negative nitrogen 
ginal test after sodium fusion. A negative test for keto groups was obtained 
phic when a few drops of a concentrated aqueous solution of purified precursor 
owed | were added to a saturated solution of 2,4-dinitrophenylhydrazine in 6 N 
1c of | sulfuric acid. The purified free acid gave a positive test for primary or 
— secondary hydroxyl groups when analyzed according to Fiegl (8), and 
ucineé | oth the free acid and crystalline ester gave a positive test for the glycol 
Adel- | configuration following lead tetraacetate cleavage according to Criegee (9). 
ursor_ | The presence of a carboxyl group was inferred from the dependency of the 
. solubility in ether on pH. 
ptf Quantitative Analysis—The thrice recrystallized p-bromophenacyl ester 
‘omo- | of the isoleucine precursor was analyzed for carbon, hydrogen, and 
, and bromine.* 
tional 
ter of Cy.Hi,0;Br. Calculated. C 48.74, H 4.93, Br 23.17 

ses di Found. ‘* 48.76, ‘* 4.89, ‘* 23.68 
CisHi;0;Br. Calculated. Mol. wt. (Rast) 345 

m. hy- Found. fe 88 ¢ 344, 344, 258, average, 315 
— The empirical formula of the free acid was thus CgH120,. 
along Degradations—The p-bromophenacyl ester was treated with an excess of 

The | lead tetraacetate in glacial acetic acid and shaken at 30° for 20 hours. 
nds of | Lhe excess reagent was filtered, and the reaction mixture distilled into a 
eluted | Tceiver containing a solution of 2 ,4-dinitrophenylhydrazine in 6 N sul- 
en ex. | iuric acid. The precipitate of hydrazone was filtered and recrystallized 
n acid | tWice from ethanol. The product gave the same melting point as an au- 





90 per thentic sample of methyl ethyl ketone-2 ,4-dinitrophenylhydrazone, and 
the mixed melting point showed no depression. Since the positive Criegee 


dation | 

ulfate, | $lycol test referred to earlier depends on the formation of an aldehyde by 
ae | lead tetraacetate cleavage, the reaction was concluded to be 

,, plant | CHs—C(OH)(C;H,)—CH(OH)—CooR  —?O4*, 

aan No. CH;—CO—C:.H,; + CHO—COOR 
al. (10) 

or paper | R = p-bromophenacyl 

st tal Further work (7) involving the degradation of radioactive-free precursor 


4 30 per | by this reaction and by oxidation with chromic acid has confirmed the 
Jevelop-| correctness of the proposed dihydroxy acid structure. 
and the| © Synthesis—The synthesis of a compound having the postulated struc- 


‘Elek Micro Analytical Laboratories, Los Angeles, California. 
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ture was attempted by the oxidation of B-ethylcrotonic acid. Although 
the synthesis was unsatisfactory in that insufficient material was obtained 
for analysis and characterization, a product was obtained which supported 
growth of an isoleucine-requiring strain of E. coli and was chromatographi- 
cally identical with the natural precursor. The following details are re- 
ported not as proof of synthesis but as confirmatory evidence of 
the correctness of the structure deduced from analytical data. 

Pure pi-isoleucine (Eastman) was converted to a-bromo-f-ethylbutyric 
acid with nitrosyl bromide by the method of Abderhalden et al. (11). 
The a-bromo acid was then esterified with sulfuric acid as catalyst, and 
the resulting ethyl ester dehalogenated and saponified to 6-ethylerotonic 
acid according to Fichter and Gisiger (12). The product boiled at 204°, 
compared to a reported boiling point of 207°. 

Unsaturated acids can be converted to the corresponding dihydroxy 
acids by oxidation with hydrogen peroxide and osmic acid as catalyst (13). 
Accordingly, a sample of 6-ethylcrotonic acid in tert-butanol was treated 
with the reagent, and the reaction mixture chromatographed. The chro- 
matogram revealed the formation of a compound indistinguishable from 
the natural precursor, though in a yield of only about 10 per cent based 
on the weight of 6-ethylcrotonic acid used. Since one of the predominant 
side reactions in this method is further oxidation with rupture of the 
double bond, the reaction mixture was distilled at neutral pH into 2,4- 
dinitrophenylhydrazine solution and the resulting hydrazone recrystal- 
lized. ‘The derivative of methyl ethyl ketone was identified by its melt- 
ing point, indicating that the unsaturated reactant had the postulated 
structure. 

Tests for biological activity showed that the synthetic material, iso- 
lated in impure form by paper chromatography was able to support 
growth of the isoleucine-requiring strain of E. coli 58-336, tested both in 
liquid and solid medium. 

A quantitative comparison with the activity of the natural compound 
is not included, since the synthetic preparation was strongly inhibiting 
and showed growth-promoting activity only at very low concentrations. 
The cause of the inhibition was not investigated, although it seems likely 
that it was caused either by stereoisomers not present in the natural ma- 
terial or by impurities arising from the oxidation reaction. 


SUMMARY 


1. Neurospora crassa strain 16117 accumulates in its filtrate a precursor 
of isoleucine which has been isolated and characterized as a ,6-dihydroxy- 
6-ethylbutyric acid. 

2. Evidence for this structure includes quantitative analysis, qualitative 
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analysis, and degradation studies on the crystalline p-bromophenacy] ester, 
as well as a chromatographic comparison with the biologically active oxi- 
dation product of 6-ethylerotonic acid. 
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ORIGIN OF THE CARBON SKELETONS OF 
ISOLEUCINE AND VALINE 


By E. L. TATUM anp EDWARD A. ADELBERG 


(From the Department of Biological Sciences, Stanford University, Stanford, and 
the Department of Bacteriology, University of California, 
Berkeley, California) 


(Received for publication, September 19, 1950) 


A mutant strain of Neurospora crassa, which requires isoleucine and 
valine for growth (1), was recently shown to accumulate precursors (Fig. 
1) of both these amino acids (2, 3). Since isoleucine and threonine are 
known to be interconvertible in Neurospora (4), it seemed likely that the 
branched structure of isoleucine was formed by a coupling of a C2 com- 
pound such as acetate with a 4-carbon intermediate. Furthermore, the 
latter might itself arise from a condensation of 2 molecules of acetate, as 
demonstrated by Bornstein and Barker (5) for butyric acid synthesis by 
Clostridium kluyvert. 

Accordingly, Neurospora strain 16117 was grown in the presence of C'4- 
labeled acetate, the accumulated precursors were isolated and degraded, 
and the radioactivity of the degradation products was determined. Both 
methyl- and carboxyl-labeled acetates were used in separate experiments. 
A brief preliminary report of this work has already appeared (6); the 
present paper describes the experiments in detail and provides additional 
data not available at the time of the earlier publication. 


EXPERIMENTAL 


Culture Conditions—The mold was grown in submerged 50 ml. shake 
cultures, as described by Adelberg (7), for optimum precursor production. 
At the end of 3 days, by which time growth was complete but precursor 
accumulation was just beginning, approximately 4 mg. of methyl-labeled 
acetate containing 4.75 we. per mg. were added to one flask and approxi- 
mately 2 mg. of carboxyl-labeled acetate containing 12 we. per mg. were 
added to another flask. Control flasks were included to provide non- 
labeled precursors for dilution purposes. 

At the time of maximum accumulation of isoleucine precursor (5 days 
| after inoculation) the cultures were removed and both precursors isolated 
from each flask by the procedure of Adelberg, Bonner, and Tatum (2). 

Degradation—For oxidation with dilute dichromate, a known weight of 
precursor was dissolved in water, 10 ml. of reagent! were added, and the 





‘The mild oxidizing reagent (8) contained 3.6 gm. of K:Cr.07, 75 ml. of concen- 
trated sulfuric acid, and water to make 500 ml. 
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volume was brought to 25 ml. with water. The mixture was then distilled 
in a stream of nitrogen, causing the distillate and evolved gas to enter a 
trap containing an excess of 2,4-dinitrophenylhydrazine in 4 N sulfuric 
acid. Any insoluble gas then passed through a trap containing a known 
volume of 0.1 N barium hydroxide solution. At the end of the distillation, 
the excess alkali in the second trap was titrated, and the precipitated 
barium carbonate centrifuged, washed, and dried. 

The contents of the hydrazine trap were diluted with an equal volume 
of water and distilled into a receiver containing an excess of 2 ,4-dinitro- 
phenylhydrazine in 2 nN hydrochloric acid. This procedure decomposed 
the hydrazone and carried the free ketone over into the hydrochloric acid 
solution, which was found to give a much purer hydrazone (free of co- 
precipitated hydrazine) in better yield. The hydrazones as obtained in 
this manner had the correct melting points without recrystallization. 


6 CH; 


\ S 
SCH, CH; 
eS ee ae A a ae eae 
CH3-C-CH-COOH CHsC-CH-COOH 
00 0 O 
H H H H 
ISOLEUCINE VALINE 
PRECURSOR PRECURSOR 


Fig. 1. Structures of isoleucine and valine precursors. The numbers in italics 
designate the carbon atoms as they are referred to throughout this paper. 


For further degradations, the radioactive hydrazone was usually diluted 
with a known amount of non-labeled hydrazone. This material was then 
dissolved in 20 ml. of 2 N sulfuric acid, and the free ketone distilled into a 
receiver containing 5 ml. of 1 N sodium hydroxide to which 5 ml. of 0.2 n 
iodine solution were then added. The ketone was determined by titra- 
tion of the excess iodine with thiosulfate, the solution was made alkaline 
with sodium hydroxide, and the precipitated iodoform was filtered, washed, 
and dried. 

In the case of the isoleucine precursor, the alkaline filtrate was con- 
centrated on the steam bath under a gentle stream of air, made strongly 
acid with sulfuric acid, and extracted continuously with ether for about 
4 hours. The ether phase was added to water, the ether was evaporated, 
and the aqueous solution of propionic acid was titrated with sodium hy- 
droxide. The neutral solution was then filtered to remove water-insoluble 
impurities resulting from the earlier thiosulfate titration and evaporated 
to dryness. 

The sodium propionate thus obtained was treated with 10 ml. of con- 
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od centrated oxidizing mixture? under a reflux condenser, the other end of 
a which was connected to a trap containing 0.1 N barium hydroxide. While 
‘ic the apparatus was flushed with nitrogen to drive over the evolved carbon 
mn dioxide, the mixture was refluxed for 15 minutes. The excess alkali in 
n, the trap was then titrated, and the insoluble barium carbonate collected, 


ad washed, and dried. 
The contents of the reflux vessel were then distilled with continuous 


ne replacement of water until 50 ml. had been collected. The acetic acid in 
‘0- the distillate was then titrated with 0.1 N barium hydroxide and the solu- 
ed tion evaporated. The barium acetate residue was then dried over P20; 
id in vacuo. 

.0- Pyrolysis was carried out by heating the dry barium salt to 500° for 
in 10 minutes in a continuous stream of nitrogen. The evolved acetone was 


collected in cold sodium hydroxide solution, to which standard iodine solu- 
tion was then added. ‘The resulting iodoform was collected and prepared 
as previously described. 

The residue in the pyrolysis vessel contained the carbon dioxide from 
the acetate carboxyl as barium carbonate. This was collected by con- 
necting the vessel to a receiver containing barium hydroxide, evacuating 
the system, and then tipping in concentrated phosphoric acid from a side 
arm with which the pyrolysis vessel had been provided. The excess alkali 
in the receiver was titrated and the barium carbonate prepared in 
the usual manner. 

When “‘methyl-labeled” isoleucine precursor was degraded by the al- 
ternative method of oxidation with concentrated dichromate, the pro- 


ics 


ed cedure and reagents were exactly as those described above for oxidation of 
on sodium propionate. When the oxidation was carried out with lead tetra- 
es acetate, the procedure was as follows: The precursor was dissolved in 
/N several ml. of glacial acetic acid and an excess of dry lead tetraacetate 
oe prepared by the method of Dimroth and Schweizer (9) was added. The 
ine vessel was tightly stoppered and shaken at 30° overnight. The following 
ed, day the contents were added to several volumes of water, made alkaline 

with sodium hydroxide, and distilled into a receiver containing 2 ,4-di- 
yn- 


nitrophenylhydrazine in 2 N hydrochloric acid. (The first 2 carbon atoms 
sly ' were not recovered in these experiments.) 





ut Radioactivity Measurements—Solutions or suspensions of the degradation 
ed, products were evaporated on aluminum disks and counted with a Geiger- 
1y- Miiller counter assembly consisting of a Tracerlab duoscaler and Amperex 
* ' 200-C tube. Counter efficiency was determined at each use and averaged 
e 

2 The concentrated oxidizing mixture contained 6.7 gm. of K2Cr.07, 100 ml. of 
on- water, and 100 ml. of concentrated sulfuric acid. 
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Tase I 
Degradation of Isoleucine Precursor 


Substrate, methyl-labeled acetate; degradation, mild oxidation with lead tetra- 
acetate. 
































. Total Specific 
Compound isolated — Boyd foment —_— Errort dicintageattons 
represented*| of theory background soc xs 4 
mg. 
Isoleucine precursor...| All 0.2 187.0 +3.5 5.65§ 
Methyl ethyl ketone- 
2,4-dinitrophenyl- | 
hydrazone........... 36 8 6| 88 0.8 38.2 | +7.3 3.76 
RROD TID 5. «5.2555 5555.2! 055 4 | 25|| 9.3 14.5 | +16.1 1.07 
Propionate............ 3,5,6 | 94 0.7 19.5 | 412.5 3.12 
Barium carbonate. .... 3 56 Cl 8.5 | 425.2 0.36 
PROUD oss. 5. 56-6 a6 6 ace ss | 5, 6 | 89 10.9 | 130.4 | +3.2 2.57 
* See Fig. 1. 


t Based on titration unless otherwise indicated. 

t Standard error of the net counts above background, expressed as per cent of net 
counts. 

§ The recoveries indicate purity of 88 per cent; thus specific activity of pure pre- 
cursor = about 6.4 X 10° (cf. summation value of 5.84 X 108). 

|| Gravimetric. 

Tasie II 
Degradation of Isoleucine Precursor 

Substrate, methyl-labeled acetate; degradation, strong oxidation with concen- 

trated Cr.O7". See the corresponding foot-notes to Table I. 














| | | | | Specific 
* | | Total ir: 
Compound isolated | ae | rae | pecan 2 | counts per Errort disietneenetis 
itepresented®) of theory | conn | eaiioneend pode gt 4 
| | 
| | msg. 
Isoleucine precursor. . | Al | 5.65 
Barium carbonate. .... | LZ | 85 y') We 6 114.0 +4.7 1.639 
ROOUAIDS SS. ccs. sess] (3-0: | S82 3.0 71.6 +4.7 4.319 
Barium carbonate.....| 3, 5 | 95 10.2 97.4 +4.2 2.719 
POUOIOFN. 56.0.6 65s | 4,6 | 57|| 17.6 39.2 +6.5 1.379 














{| To facilitate summation, specific activity given as disintegrations per minute 
per 2 mm. 





approximately 5.5 per cent.? Background counts with unshielded appa- 
y 
ratus averaged about 20 per minute. 
’ This apparently low efficiency results from the fact that samples were prepared 


on standard aluminum disks with a sample area of 12.5 sq. cm., while the tube win- 
dow covered only about half that area. 
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Results 


The yield, counting data, and specific radioactivity for each degradation 
product are presented in Tables I to VI. Specific activity is expressed in 


Taste III 


Degradation of Isoleucine Precursor 


Substrate, methyl-labeled acetate; degradation, mild oxidation with dilute 
Cr.0;". See the corresponding foot-notes to Tables I and II. 



































Carbon Yield,t Total P= : 
Compound isolated atoms 4| Per cent = — Errort disintegration 
represented*| of theory background oat es bay 
a ae som _ nets 
Isoleucine precursor...| All 5.65 
Barium carbonate..... 152 57 5.5 929.0 +1.9 2.139 
Methyl ethyl ketone- 
2,4-dinitrophenyl- 
hydrazone........... 3-6 | 66] 0.8 413.0 +3.6 4.10 
0 GG) 2 ee rr oe 4 34(| 11.6 68.4 | -+&4.8 0.91 
Proplonate:: «6 .4:. 0.6% 3,5,6 | 126 
Barium carbonate..... 3 103 | «18.8 124.6 +4.5 0.74 
TaBLe IV 


Degradation of Isoleucine Precursor 


Substrate, carboxyl-labeled acetate; degradation, mild oxidation with dilute 
Cr.0;". See the corresponding foot-notes to Tables I and II. 

















Carb Yield,t Total ep eeity 
Compound isolated pat : oor ona — por gg og Errort disintegrations 
represented*| of theory background - coat Py 
— = et = . i 
Isoleucine precursor...| All 0.58 199.5 +4.3 2.05 
Barium carbonate..... 152 48 6.1 783.0 +1.8 1.62] 
Methyl ethyl ketone- 
2,4-dinitrophenyl- | 
hydrazone........... 3-6 61|| 0.9 130.0 +4.0 1.15 
155 (2) (0) 9 a 4 2A|| 8.3 0 0 
PYOpiOHAte =. .:50.4066.65% 3,5,6 121 
Barium carbonate..... 3 98 12.7 45.6 +6.5 0.16 
BOOCRUG! «sion adtaneoes 5,6 92 | 
Acetone-2,4-dinitro- | 
phenylhydrazone....| 6,5,6 
lodoform.............. 6 7|| | ea | 17.6 | 413.3 1.19 

















disintegrations per minute per millimole of compound, after correcting for 
any dilution with unlabeled material. 
Table VII presents the computations by which a specific activity can be 
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assigned to each carbon atom in the different experiments. The data are 
summarized for easier comparison in Fig. 2, in which activities are ex- 
pressed as percentages of the totals obtained by adding the individual 
values in Table VII. 


TaBLe V 
Degradation of Valine Precursor 


Substrate, methyl-labeled acetate; degradation, mild oxidation with dilute 
Cr.0;". See the corresponding foot-notes to Tables I and II. 
































Carbon | Yield,t Total ettvte, 
Compound isolated atoms per cent par counts per Errort disintegrations 
repr ted*| of theory wri bacegieent per min, per 
mM X 10-6 
mg. 
Valine precursor......} All 0.36 118.5 +4.6 1.97 
Barium carbonate..... 1,2 71 14.8 312.0 +2.7 0.299 
Acetone-2 ,4-dinitro- 
phenylhydrazone....| 3-5 50]| 1.4 236.0 +4.8 1.27 
MAGI OLID ocx cs5 cos ods 4,5 53]] 8.5 74.4 +6.9 1.144 
TaBie VI 


Degradation of Valine Precursor 


Substrate, carboxyl-labeled acetate; degradation, mild oxidation with dilute 
Cr.07. See the corresponding foot-notes to Tables I and II. 





























Specific 
Carbo: Yield Total counts fibers 
Compound isolated ony Peso nM inom Peed st. Errort auberilins 
represented*| of theory ground per min. per 
mM X 10% 
mg. 
Valine precursor......| All 0.53 14.3 | 412.9 0.17 
Barium carbonate..... 12 60 10.0 198.4 | + 3.4 0.269 
Acetone-2,4-dinitro- 
phenylhydrazone....| 3-5 60|| 6.2 17.1 | 414.3 0.02 
MM IOPIA 5000 5c F500 4,5 74|| 7.0 2.6 +80.8 <0.0029 
DISCUSSION 


Looking first at the results in Fig. 2, we see that the derivation of the 
side chain of the isoleucine precursor is clearly revealed. The methyl 
carbon of acetate is present as carbon 5, while the acetate carboxyl is en- 
tirely in carbon 6. This means not only that acetate does participate 
directly (presumably in an activated form) but, more surprisingly, that 
the coupling involves the methyl carbon. This is a striking analogy to the 
methyl-activated acetate coupling reported (10) to be involved in citrate 
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formation. In the present case, however, the carboxyl group becomes 
ye completely reduced to a terminal methyl group. 
a The distribution of activity in the 4-carbon straight chain indicates 
val participation of acetate here also, carbons 4 and 3 having come from the 
methyl and carboxyl groups respectively.‘ 
Looking next at the valine precursor, we observe that the roughly 6- 
fold difference in total activities in the two experiments results almost 
ute entirely from the contribution by the acetate methyl group to the valine 
side chain. The valine 4-carbon chain is again seen to be derived directly 
a from acetate. 
ions 
pee EXPERIMENT | ISOLEUCINE PRECURSOR] VALINE PRECURSOR 
5 46 72 
LABELED rece’ xen z ‘¢-= COOH 
ACETATE 
SUM: 5.84 x 10° SuM: 1.57 x 108 
i DIS /MIN/MM Dis/MIN/MM 
c4° 
\ 0 ° 
eseme | a A ie ae 
lute pestis C-C-C-COOH | C-C-C-COOH 
<—— SUM: 2.97 X 10® SUM: 0.28 X 10® 
: DIS /MIN/MM Dis/ Min/wM 
Ons 
per Fic. 2. Summary of degradation experiments. The numbers represent the rel- 
iP ative isotope concentration of the different carbon atoms. 
7 These observations permit construction of a generalized scheme of bio- 
67 synthesis for the carbon chains of isoleucine and valine. First, 2 mole- 
2 cules of acetate couple to form some unknown 4-carbon intermediate (by 
024 analogy to citrate formation from acetate plus oxalacetate, this might be 
odes predicted to have a B-keto group). This intermediate then couples with 
the methyl of another acetate molecule to form a 6-carbon dicarboxylic 
acid. The latter then undergoes reduction of the side chain carboxy], to 
the | give the carbon skeleton of isoleucine, while decarboxylation yields the 
thy! | valine configuration. 
 en- The relative order of the events described may not be exactly as pic- 
pate tured above, since the data give no indication of whether decarboxylation 
that ‘The extremely low activity in these carbons compared to that of the side chain 
the in the carboxyl-labeled acetate experiment led to the preliminary conclusion (6) 
rate that acetate does not participate in forming the 4-carbon intermediate. 
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and reduction precede or follow the condensation. The proposed scheme, 
however, remains the simplest one which will explain all the experimental 

































































facts. 
TaBie VII 
Summary of Degradation Data on Isoleucine and Valine Precursors 
Position of | C aaivity 
osition 0 ar- S f d bl N : d x ac ivi Y> R 1 . 
Gcetate, | bon Snohed d Gkaaies Cee | Aves | ae 
mM X 10-6 
Isoleucine precursor 
es | 
Methyl 152/31 1.63 1.88 32 
1,2 | III 2.13 
3 I 0.36 ‘ 
3 | Il 0.7 | ° . 
4 I 1.07 
4 III 0.91 0.98 17 
4 II(3, 5) + I1(4, 6) — 1(8, 5, 6) 0.96 
5 “ (3, 5) — (carbon 3 above) 2:71 2.71 46 
6 “ (4,6) — (carbon 4 above) 0.39 
6 1(8, 5, 6) — II(3, 5) 0.41 0.27 5 
6 (5, 6) — (carbon 5 above) 0 
LULCETU Sa eel a oe POTS Ci oS are ne Ty CA || Cr OM 5.84 100 
Carboxyl | 1,2 | IV 1.62 55 
3 <4 0.16 5 
4 i 0 0 
5 “ (8-6) — (IV(8) + IV(4) + IV(6)) 0 0 
' i* 1.19 40 
CUE AROS eNO RET rp eer reer RR Se 2.97 2.97 100 
Valine precursor 
Methyl | 1,2| V 0.29 19 
3 “ (8-5) — V(4, 5) 0.14 of 
4 | (Carbons 3 + 4)f — 0.01 
(carbon 3 above) 
5 V(4, 5) — (carbon 4 above) 1.13 72 
ROR ns ek A att ied a ia Pd eg, 1.57 100 
Carboxy! | 1,2 | VI 0.26 92 
3 “ (3-5) — VI(4, 5) 0.02 8 
| tS is <0.002 0 
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TaBLE VII—Concluded 
tal 


*Carbon 3 determined as CO2 from Cr.0,~ oxidation of propionate (carbons 3, 
5,and 6). Lorber and Cook (11) show that CO: in this reaction will contain about 
25 per cent of the radioactivity of the a- and B-carbons (2.57 X 10°). 

+ The method of calculating carbon 4 is too rough to permit a valid conclusion 

as to the relative activities of carbons 3 and 4. 
i t With carboxyl-labeled acetate, the ratio of carbons 1 + 2to3 + 4 was approxi- 
ity mately the same for both analogues. Assuming such equality to exist in the 
methyl-labeled acetate experiment, we find that 1 + 2to3 + 4 for the isoleucine 
= analogue is about 2:1. If this ratio is applied to the valine analogue, carbons 3 + 
4 = 0.15 X 108 disintegrations per min. per mM. 


2 One other phenomenon remains to be discussed; namely, the unequal 
contribution of labeled acetate to the three parts of the molecule repre- 

0 sented by carbons 1-2, 3-4, and 5-6. 
The high activity of the side chain relative to carbons 1 to 4 is easily 
7 explained by a consideration of the experimental chronology. Since strain 
16117 is not blocked in the synthesis of 4-carbon units, most of the 4- 
6 carbon substance, which is subsequently converted into isoleucine and 


valine precursors, might have been synthesized during the 3 day growth 
period, when no exogenous acetate was present. The validity of this as- 
ii sumption is supported by the fact that threonine, which shares a 4-carbon 
0 intermediate with isoleucine (4), was undoubtedly formed during this 
= period. Precursor accumulation, on the other hand, was just beginning at 
the time of addition of labeled acetate; hence the attachment of the side 
chain would have occurred principally in the presence of the radioactive 
substrate. The distribution of activity in carbons 1-2 relative to carbons 
3-4 remains unexplained, however. 

Finally, there is the question of the difference between ‘“methyl-labeled” 
isoleucine and valine precursors in activity of carbon 5 relative to carbons 
—- 1 to 4. The specific activity of carbon 5 in the 6-carbon common inter- 
mediate might be expected to change rapidly during the experiment with 
9 increasing dilution by endogenous acetate. The ratio of activity in 
9t carbon 5 relative to carbons 1 to 4 would then be expected to vary accord- 
ing to the time of maximum rate of formation of the precursors, which 
might be different in the two instances. 





} The authors wish to thank Dr. J. Teresi of the Department of Chem- 

; istry, Stanford University, for his help in setting up and standardizing 
radioactivity counting equipment and procedures, and Dr. B. M. Tolbert 
of the Radiation Laboratory, University of California, for his gift of C'*- 
methyl-labeled acetate. 


SUMMARY 


CL Om 1 se 


1. Experiments are described in which isoleucine and valine precursors 
were isolated from culture filtrates of Neurospora crassa 16117 grown in 
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the presence of C-labeled acetate. The precursors were degraded and the 
radioactivity of the degradation products was determined. 

2. The data lead to the following conclusions regarding the ultimate 
derivation of the carbon atoms of isoleucine and valine: (a) The 4-carbon 
straight chains of isoleucine and valine are formed, at least in part, by a 
“head to tail” coupling of 2 molecules of acetate. (b) The 2-carbon side 
chain of isoleucine is derived from acetate, the carboxyl of which becomes 
the terminal methyl group. (c) The single carbon side chain of valine is 
derived from the methyl carbon of acetate. 

3. A generalized scheme of biosynthesis is presented which would ex- 
plain the above experimental facts. 
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én: During the past few years scattered information has appeared which 


indicates that at least some bacteria probably possess a tricarboxylic acid 
cycle. Lockwood and Stodola found that Pseudomonas fluorescens formed 
considerable quantities of a-ketoglutaric acid when growing on a glucose 
medium under conditions of intense aeration (1). Ajl and Werkman 
51). found evidence for at least parts of the conventional cycle in Escherichia 
coli (2). However, Karlsson and Barker (3) were not able to demonstrate 
the presence of this system in Azotobacter agile, either by the technique of 
simultaneous adaptation or by radioactive tracers. In contradiction to 
this latter work Stern and Ochoa (4) were able to show that both A. agile 
and E. coli possess the enzyme necessary for the condensation of oxalace- 
tate and ‘“‘active acetate” to citrate. Since Karlsson and Barker did not 
report on the activity of the organism towards the Cs members of the tri- 
carboxylic acid cycle, it is not possible to decide whether the technique of 
simultaneous adaptation is applicable to the detection of the intermediates 
of the tricarboxylic acid cycle or whether A. agile possesses only frag- 
ments of the cycle. 

The present study was undertaken in an effort to detect a tricarboxylic 
acid cycle in Pseudomonas aeruginosa and thereby to elucidate further the 
pathway of glucose oxidation in this organism. 


Methods 


P. aeruginosa, ATCC 9027, which is a typical strongly pigmenting strain, 
was used throughout. Conditions for the growth of the organisms and 
methods of treating the dried cell preparations were the same as those 
described earlier (5, 6). For experiments involving resting cells, the cul- 
tures were grown either on a glucose-ammonium phosphate medium or on 
an acetate-ammonium phosphate medium, depending on the adaptive pat- 
tern desired. Cells were harvested after 21 hours at 30°, washed in saline, 
and resuspended at a concentration of 0.30 mg. of bacterial nitrogen per 
ml. Each reaction vessel contained 0.5 ml. of the standardized suspen- 





* This work was carried out under a grant from the National Research Council of 
Canada. 
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sion. For studies with dried cells the preparations were accurately 
weighed and suspended in distilled water at-a rate of 40 mg. per ml. Each 
reaction vessel contained 0.5 ml. of this suspension. 

With the exception of czs-aconitic acid, all substrates were commercial 
preparations. The cis-aconitate was prepared from the trans isomer by 
the procedure of Malachowski and Maslowski (7). The DPN (diphospho- 
pyridine nucleotide) used in the manometric work was the “75 per cent 
purity” product of the Schwarz Laboratories. The cytochrome c was the 
product of the Sigma Chemical Company. In preliminary work DPN and 
cytochrome c, kindly donated by Dr. P. K. Stumpf, were employed. 


EXPERIMENTAL 


P. aeruginosa appears to be very similar in its adaptive enzyme pattern 
to the strain of A. agile used by Karlsson and Barker (3). Resting cells 
of this strain of Pseudomonas harvested from an acetate medium were 
found to have no initial ability to attack citrate, cis-aconitate, isocitrate, 
a-ketoglutarate, succinate, or fumarate. However, they were active to- 
wards malate, oxalacetate, and pyruvate. In the case of malate the reac- 
tion could be termed adaptive, for the rate increased markedly after the 
first 15 minutes (Fig. 1). Interpreted in the light of the theory of simul- 
taneous adaptation, this would mean that the oxidation of acetate does not 
involve citrate, cis-aconitate, isocitrate, a-ketoglutarate, succinate, or 
fumarate and therefore does not involve the tricarboxylic acid cycle. 
However, when dried cell preparations were produced from acetate-grown 
cells, it was found that they had the ability to oxidize all of the intermedi- 
ates of the tricarboxylic acid cycle which were tested (Table I). These 
compounds included all members of the cycle with the exception of oxalo- 
succinic acid and thus point to the presence of a complete tricarboxylic 
acid cycle in this organism. 

Apparently the cell membrane of P. aeruginosa was initially imperme- 
able to the intermediates mentioned and the period of adaptation encoun- 
tered with resting cells was the time necessary for the elaboration of the 
system for transferring the substrates across the membrane. It is appar- 
ent, therefore, that the technique of simultaneous adaptation cannot be 
relied on to identify a very high percentage of metabolic intermediates. 
This becomes particularly evident when one realizes that the vast major- 
ity of intermediate compounds may be phosphorylated and therefore will 
have difficulty in passing across a cell membrane. 

Resting cells harvested from a glucose medium had no ability to attack 
citrate, isocitrate, cis-aconitate, or succinate immediately. However, ac- 
tivity was demonstrated with acetate, a-ketoglutarate, fumarate, malate, 
oxalacetate, and pyruvate (Fig. 2). 
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When cells were harvested from a glucose medium and dried over phos- 
phoric anhydride to form a dried cell preparation, it was found that with 
the exception of acetate and oxalacetate the glucose-grown, dried cells 
had the ability to oxidize all of the intermediates tested (Table I). This 
confirms the results obtained with cells grown on acetate and indicates 
that glucose is oxidized by way of the tricarboxylic acid cycle. 
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harvested from a glucose medium. The theoretical oxygen uptake for complete 
oxidation of any substrate was 403 ul. 

















It was found that even the dried cells prepared from a culture grown on 
acetate lost their ability to oxidize acetate within 48 hours of the time they 
were dried. It is evident therefore that the enzyme system for utilizing 
acetate is very readily destroyed. This would explain the negative results 
obtained with the dried cells prepared from the glucose culture. 


DISCUSSION 


The presence of the enzymes necessary for the oxidation of the members | 


of the tricarboxylic acid cycle in cells of P. aeruginosa harvested from 
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either a glucose or an acetate medium points to the constitutive nature of 
the enzymes involved. Nevertheless, a period of adaptation was neces- 
sary before resting cells oxidized many of the intermediates. This finding 
is contrary to the conclusion of Sleeper, Tsuchida, and Stanier (8) that 
drying does not increase the range of compounds that can be attacked by 
bacterial cells. If the technique of simultaneous adaptation (9) is relied 
on for the detection of metabolic intermediates, a great many compounds 
will be erroneously eliminated. The use of simultaneous adaptation as a 
means of ruling out postulated metabolic intermediates presupposes either 
that the cell membrane of bacteria is permeable to all the intermediates 
formed during the degradation of substrate or that the intermediate me- 
tabolism of bacteria is entirely an extracellular process. Since neither of 
these suppositions is true, the limitations of the technique are obvious. 

It is now known that P. aeruginosa 9027 oxidizes glucose by way of 
gluconic and 2-ketogluconic acids (6, 10) and that it does not possess an 
Embden-Meyerhof scheme of metabolism (10, 11). The point at which 
the pathway of glucose oxidation meets the tricarboxylic acid cycle is dif- 
ficult to predict. However, since pyruvate has been established as an 
intermediate in glucose oxidation (12), it is likely that the oxidation of this 
intermediate to acetyl phosphate is of supreme importance as a means of 
oxidizing glucose by way of the Krebs tricarboxylie acid cycle. There is 
no evidence that this organism oxidizes glucose by way of a 3:3 split, and 
it is therefore possible that the cycle is also entered at the C, level. If the 
scheme of glucose oxidation of this organism paralleled that proposed by 
Dickens and Glock (13) for animal tissue, it would be a stepwise procedure, 
going from C, to Cs, C4, and C3. However, the oxidation of glucose by the 
organism under study differs from that described by these workers at least 
at the C, stage, for no esterification of phosphate occurs with P. aerugi- 
nosa in the steps from glucose to 2-ketogluconate (6). 


SUMMARY 


Resting cells of Psewdomonas aeruginosa, harvested from a growth me- 
dium containing acetate as the sole source of carbon, were found to have 
no ability to oxidize citrate, cis-aconitate, isocitrate, a-ketoglutarate, suc- 
cinate, or fumarate without a period of adaptation, but were able to oxi- 
dize acetate, pyruvate, and malate immediately. 

However, when these fresh resting cells were dried, it was found that 
they then had the ability to oxidize citrate, cis-aconitate, isocitrate, a-keto- 
glutarate, succinate, fumarate, malate, oxalacetate, pyruvate, and acetate 
immediately. Therefore the limiting factor in the immediate uti!‘zation 
of these intermediates by resting cells was the impermeability of the cell 
membranes. 
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Confirmatory data were obtained with cells grown on a glucose medium, 
indicating that this organism oxidizes glucose and acetate by way of the 
Krebs tricarboxylic acid cycle. 


The authors wish to express their appreciation to Dean B. A. Eagles for 
his criticism of the manuscript. 
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Cytochrome: c, liver homogenates, arti- 
ficial redistribution, Beinert, 287 
c-bacillomycin b complex, properties, 
Tint and Reiss, 133 


D 


Decanoic acid: Penta-. 
canoic acid 
Decarboxylase: Glutamic acid, brain, 
Roberts and Frankel, 505 
Desoxyribonucleate: Sodium. See So- 
dium desoxyribonucleate 
Deuterium: Glycogen formation, amino 
acid effect, use in study, Terriere 
and Butts, 1 
Dihydrodiphosphopyridine nucleotide: 
Fatty acid oxidation, effect, Ken- 
nedy and Lehninger, 361 
Oxidative phosphorylation, relation, 
Lehninger, 345 
Diisopropyl fluorophosphate: Analogues, 
a-chymotrypsin reaction, Jansen, 
Curl, and Balls, 557 
Cholinesterase reaction, Michel and 
Krop, 119 
Dipeptide(s): Cobalt, red, complexes, 
enzymatic effect, Gilbert, Otey, and 


See Pentade- 


Price, 377 

E 
Enzyme(s): Amylopectin synthesis, 
Nussenbaum and Hassid, 673 
Branching, potato, Beckmann and 
Roger, 467 


-Catalyzed transamidation reactions, 
peptide chains, elongation, Fruton, 
Johnston, and Fried, 39 

Co-. See Coenzyme 

Corticoids, effect, Kochakian and Rob- 
ertson, 481 

Dipeptide-red cobalt complexes, ef- 
fect, Gilbert, Otey, and Price, 377 

Lysine liberation, lysine-glucose mix- 
ture, Clandinin, Stevens, Morrison, 
and Robblee, 219 

Esterase: Blood serum, determination, 
Courville and Ledington, 
Choline. See Cholinesterase 


575 

















| 
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F 


Fatty acid(s): Oxidation, dihydrodi- 
phosphopyridine nucleotide effect, 
Kennedy and Lehninger, 361 

Fluoroacetate : Citrate formation in vivo, 
effect, Lindenbaum, White, and Schu- 
bert, 585 


| Fluorophenylalanine: 4-, toxicity, phen- 


ylalanine effect, Armstrong and 

Lewis, 461 

Folic acid: Liver metabolism, effect, 
Williams, Chitre, and Elvehjem, 

455 

Folinic acid: Liver, intracellular distri- 

bution, Swendseid, Bethell, and 

Ackermann, 791 

Formate: Purine biosynthesis, rdle, 

Marsh, 633 


G 


Glucose: -Lysine mixture, lysine libera- 
tion by acid and enzyme, Clandinin, 
Stevens, Morrison, and Robblee, 

219 

Glutamic acid: Decarboxylase, brain, 
Roberts and Frankel, 505 

Glycogen: Formation, amino acid effect, 
deuterium in study, Terriere and 
Butts, y! 

Liver, iodine absorption spectrum, 
Schlamowttz, 519 
—, nature, Schlamowitz, 519 

Glycolysis: Bacterial suspensions, ions, 
effect, Tsuyuki and MacLeod, 711 

Glyoxalase: Action, mechanism, Racker, 

685 


H 


Heart: See also Muscle 
Hemin: Bisulfite and, reaction, Nei- 
lands, 763 
Hemoglobin: Biosynthesis, x-radiation 
effect, Richmond, Altman, and Salo- 
mon, 817 
Carbonyl-. See Carbonylhemoglobin 


| Homoserine: Neurospora methionineless 


mutant, Fling and Horowitz, 277 


Hyaluronic acid: Jeanloz and Forchielli, 


Ethyl alcohol: Cholesterol biosynthesis, | 


role, Curran and? Rittenberg, 17 


537 
Periodate oxidation, Jeanloz and For- 
chielli, 537 








870 INDEX 


Hydroquinone: oa-Tocopheryl-. See 
Tocopherylhydroquinone 

Hydroxyanthranilic acid: 3-, niacin con- 
version from, Neurospora, Yanofsky 
and Bonner, 211 

Hypoxanthine: Synthesis, inosine-5- 
phosphate and inosine réle, Green- 
berg, 611 


I 


Inosine: Hypoxanthine synthesis, réle, 
Greenberg, 611 
Inosine-5-phosphate : Hypoxanthine 
synthesis, réle, Greenberg, 611 
Insulin: Brain phospholipide, effect, 
McGhee, Papageorge, Bloom, and 


Lewis, 127 
Inulin: Muscle, determination, Ross and 
Mokotoff, 659 
Iodine: Liver glycogen, absorption spec- 
trum, Schlamowitz, 519 
Isoleucine: Carbon origin, Tatum and 
Adelberg, 843 


Precursor, Neurospora crassa mutant, 
Adelberg, Bonner, and Tatum, 837 
Isotope(s): Amino acid analysis, use, 


Velick and Udenfriend, 721 
Protein amino end-group analysis, use, 
Udenfriend and Velick, 733 

K 
Keto-8-methylvaleric acid: d-a-, Meis- 
ter, 269 
l-a-, Meister, 269 


Ketosis: Tricarboxylic acid cycle-re- 
lated substances, effect, Beatty and 
West, 603 

Kidney: Testosterone and related ster- 
oids, metabolism, West and Samuels, 

827 
Vitamin A, Reichstein’s Compound L 
acetate, effect, Bodansky and Mar- 


kardt, 83 

L 
Lamb: Amino acids, Schweigert, Bennett, 
and Guthneck, 697 


Leucine: Iso-. See Isoleucine 

Leuconostoc mesenteroides: Arginine- 
proline interdependence, Sirny, 
Cheng, and Elvehjem, 547 





Lipide(s) : Blood, determination, colori- 
metric, Bragdon, 518 
Oxidation, extrahepatic tissues in vivo, 
Geyer, Waddell, Pendergast, and Yee, 
437 

Phospho-. See Phospholipide 
Liver: Acetate formation, palmitic acid, 
labeled, effect, Chaikoff, Goldman, 


Brown, Dauben, and Gee, 229 
Acetoacetate formation, Chaikoff, 

Goldman, Brown, Dauben, and Gee, 
229 


Acetone powder, tyrosine oxidation 
system, La Du and Greenberg, 245 
Folinic acid distribution, intracellu- 
lar, Swendseid, Bethell, and Acker- 


mann, 791 
Glycogen, iodine absorption spectrum, 
Schlamowiiz, - 519 
—, nature, Schlamowitz, 519 
Homogenates, cytochrome c, artificial 
redistribution, Beinert, 287 


Metabolism, aminopterin effect, Wil- 
liams, Chitre, and Elvehjem, 455 
—, folic acid effect, Williams, Chitre, 


and Elvehjem, 455 
Proteins, soluble, electrophoresis, 
Sorof and Cohen, 3038 
—, —, — and ultracentrifugation, 
Sorof and Cohen, 3il 
Tyrosine oxidation system, La Du and 
Greenberg, 245 


Vitamin A, Reichstein’s Compound L 
acetate, effect, Bodansky and Mar- 
kardt, 83 

— Bw, distribution, intracellular, 
Swendseid, Bethell, and Ackermann, 

791 

Luciferin: Cypridina, solutions, absorp- 
tion spectra, Chase and Brigham, 

529 

Lymphatic(s) : Pentadecanoic acid-5-C™ 

transport, Chaikoff, Bloom, Stevens, 

Reinhardt, and Dauben, 431 

Lysine: -Glucose mixture, lysine libera- 

tion by acid and enzyme, Clandinin, 
Stevens, Morrison, and Robblee, 


219 
Protein hydrolysates, preparation, 
McCollum and Rider, 451 
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SUBJECTS 


M 
Methionine: Analysis, isotope use, 
Velick and Udenfriend, 721 


Methyl group(s): Synthesis, tissue, in 


vitro, Berg, 3 


Microorganism(s): Nutrition, tempera- 
ture effect, Borek and Waelsch, 
191 
Mold: See also Neurospora 
Monoamine oxidase: Tissue, determina- 
tion, micro-, Cotzias and Dole, 


665 

Mosaic: ‘Tobacco, virus, isoelectric 
points, Oster, 55 
Muscle: Inulin determination, Ross and 
Mokotoff, 659 


Metabolism in vitro, pantothenic acid 
deficiency, effect, Olson and Stare, 


149 
Myosin formation, Bidinost, 423 
Myokinase: Phosphorylations, oxida- 


tive, specificity, Barkulis and Lehn- 


inger, 339 
Myosin: Acto-. See Actomyosin 
Muscle, formation, Bidinost, 423 


N 


Neurospora: 3-Hydroxyanthranilic acid 
conversion to niacin, Yanofsky and 
Bonner, 211 

Methionineless mutant, threonine and 

homoserine, Fling and Horowitz, 277 
Mutants, canavanine effect, Teas, 

369 

Neurospora crassa: Mutant, isoleucine 


precursor, Adelberg, Bonner, and 
Tatum, 837 
Niacin: 3-Hydroxyanthranilic acid con- 
version to, Neurospora, Yanofsky 
and Bonner, 211 
Nicotinamide: Radioactive, metabo- 
lism, Letfer, Roth, Hogness, and Cor- 
son, 595 


Nicotinic acid: Radioactive, metabo- 
lism, Leifer, Roth, Hogness, and 


Corson, 595 
Nitrogen: Balance, corticoids, effect, 
Kochakian and Robertson, 481 


Nucleoside: Pyrimidine. See Pyrimi- 
dine nucleoside 





871 


Nucleotide: Adenine. See Adenine nu- 
cleotide 

Dihydrodiphosphopyridine. See Di- 

hydrodiphosphopyridine nucleotide 


oO 
Organ(s): Weight, corticoids, effect, 


Kochakian and Robertson, 481 
Ornithine: Arginine conversion to, 
Stein and Moore, 103 
Oxidase: Manoamine. See Monoamine 
oxidase 


Oxythiamine triphosphoric acid: Car- 
boxylase system, effect, Velluz and 
Herbain, 241 


P 


Palmitic acid: Labeled, liver acetoace- 
tate formation from, Chaikoff, Gold- 
man, Brown, Dauben, and Gee, 


229 

Pancreas: a-Chymotrypsin, Schwert and 
Kaufman, 807 
Chymotrypsinogen, Schwert, 799 


Proteases, molecular size and shape, 
Schwert, 799 
Schwert and Kaufman, 807 

Pantothenic acid: Muscle metabolism in 
vitro, deficiency effect, Olson and 
Stare, 149 

Pectin: Amylo-. See Amylopectin 

Pentadecanoic acid-5-C'4: Absorption 
and lymphatic transport, Chaikoff, 
Bloom, Stevens, Reinhardt, and Dau- 


ben, 431 
Peptidase: Carboxy-. See Carboxypep- 
tidase 


Peptide(s): Adrenocorticotropic, chro- 
matography, Li, Tiselius, Pedersen, 
Hagdahl, and Carstensen, 317 

Chains, enzyme-catalyzed transamida- 
tion reactions, elongation, Fruton, 


Johnston, and Fried, 39 
Chromatography, Knight, 753 

Pardee, 757 
Di-. See Dipeptides 


Phenylalanine: Analysis, isotope use, 
Velick and Udenfriend, 721 ~ 
4-Fluorophenylalanine toxicity, effect, 
Armstrong and Lewis, 461 








872 


Phosphatase(s): Blood serum, determi- | 


nation, colorimetric, Seligman, | 
Chauncey, Nachlas, Manheimer, and | 
Ravin, i 
Phosphate: Adenosinetri-. See Ade- 
nosinetriphosphate 
Phospholipide(s): Brain, hyperinsulin- 
ism effect, McGhee, Papageorge, 
Bloom, and Lewis, 127 
Phosphorylase: Amino acids, Velick and 
Wicks, 741 
Phosphorylation: | Dihydrodiphospho- 


pyridine nucleotide oxidation, rela- 

tion, Lehninger, 345 

Oxidative, homogenates and cell par- 
ticles, Potter, Lyle, and Schneider, 

293 

—, myokinase and adenine nucleotide 
specificity, Barkulis and Lehninger, 


339 
Pork: Amino acids, Schweigert, Bennett, 
and Guthneck, 697 


Porphyrin: Methyl esters, chromatogra- 
phy, Chu, Green, and Chu, 643 
Potato: Enzyme, branching, Beckmann 


and Roger, 467 
Proline: Analysis, isotope use, Velick 
and Udenfriend, 721 


-Arginine interdependence, Leuconos- 
toc mesenteroides, Sirny, Cheng, and 


Elvehjem, 547 
Protease(s): Pancreas, molecular size 
and shape, Schwert, 799 
Schwert and Kaufman, 807 


Protein(s): Amino end-groups, analysis, 
isotope use, Udenfriend and Velick, 
733 

Blood plasma, Abdou and Tarver, 
769, 781 
— —, catabolism to carbon dioxide, 
Abdou and Tarver, 769 
— —, loss, Abdou and Tarver, 769 
— —, tissue and, relation, Abdou and 





Tarver, 781 
Hydrolysates, lysine preparation, Mc- 
Collum and Rider, 451 
Soluble, liver, electrophoresis, Sorof 
and Cohen, 303 
—, —, — and ultracentrifugation, 
Sorof and Cohen, 311 


INDEX 


Protein(s)—continued: 
Vitamin By-binding, Bird and Hoevet, 
181 
Pseudomonas aeruginosa: Tricarboxylic 
acid cycle, Campbell and Stokes, 


853 
Purine(s): Biosynthesis, formate rdle, 
Marsh, 633 
Pyridine: Dihydrodiphospho-. See Di- 
hydrodiphosphopyridine 
Pyrimidine nucleoside: Antagonists, 
Fukuhara and Visser, 95 
Pyrophosphate: Tetraethyl. See Tetra- 
ethyl pyrophosphate 
R 
Racemase: Streptococcus faecalis, Wood 
and Gunsalus, 403 


Reichstein: Compound L acetate, blood 
plasma, liver, and kidney vitamin 

A effect, Bodansky and Markardt, 
83 
Roentgen ray: Hemoglobin biosynthe- 
sis, effect, Richmond, Altman, and 


Salomon, 817 

Ss 
Scurvy: Adrenal ascorbic acid, effect, 
Banerjee and Deb, 177 
— cholesterol, effect, Banerjee and 
Deb, 177 


Serine: Homo-. See Homoserine 

Sodium desoxyribonucleate: Isolation, 
Marko and Butler, 165 

Steroid(s): Adrenal, body composition, 
relation, Kochakian and Robertson, 


495 
Streptococcus faecalis: Racemase, Wood 
and Gunsalus, 403 

T 
Testosterone: Metabolism, kidney, West 
and Samuels, 827 
-Related steroids, metabolism, kidney, 
West and Samuels, 827 
Tetraethyl pyrophosphate: Inhibition, 
reversibility, Wilson, 111 


Thiamine: Oxy-. See Oxythiamine 
Threonine: Neurospora methionineless 
mutant, Fling and Horowiiz, 277 
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SUBJECTS 873 
Tobacco: Mosaie virus, isoelectric | Urine: Amylase, determination, saccha- 
points, Oster, 55 rific, Kibrick, Rogers, and Skupp, 


Tocopherylhydroquinone: a-, esters, 
preparation and determination, Far- 


ber, Mackenzie, Rosenkrantz, and 
Milhorat, 445 
Transamidation: Reactions, enzyme- 


catalyzed, peptide chain elongation, 
Fruton, Johnston, and Fried, 39 
Tricarboxylic acid: Cycle, Pseudomonas 
aeruginosa, Campbell and Stokes, 
853 
, related substances, ketosis, effect, 
Beatty and West, 603 
Trypsin: Casein digestion, pressure- 
temperature relationship, Fraser and 
Johnson, 417 
a-Chymo-. See Chymotrypsin 
Crystalline, inhibitor, colostrum, Las- 
kowski and Laskowski, 563 
Trypsinogen: Chymo-. See Chymotryp- 
sinogen 
Tyrosine: Oxidation system, liver, La 
Du and Greenberg, 245 
— —, — acetone powder, La Du and 
Greenberg, 245 


U 


Uricase: Intracellular, localization, 
Schein, Podber, and Novtkoff, 331 





107 
Vv 


Valeric acid: a-Keto-§-methyl-. 
Keto-6-methylvaleric acid 
Valine: Analysis, isotope use, Velick and 

Udenfriend, 721 
Carbon origin, Tatum and Adelberg, 


See 


843 
Virus: Tobacco mosaic, isoelectric 
points, Oster, 55 


| Vitamin(s): A, blood plasma, Reich- 


stein’s Compound L acetate, effect, 
Bodansky and Markardt, 83 
—, kidney, Reichstein’s Compound L 
acetate, effect, Bodansky and Mar- 
kardt, 83 
—, liver, Reichstein’s Compound L 
acetate, effect, Bodansky and Mar- 
kardt, 83 
Bie, liver, intracellular distribution, 
Swendseid, Bethell, and Ackermann, 
791 
Bis-binding, proteins, Bird and Hoevet, 
181 

C. See also Ascorbic acid 


x 
X-ray: See Roentgen ray 
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